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INTRODUCTION 


Electrostatic  storage  tubes  have  teen  selected  for  the 
high-speed  internal  memory  of  the  Whirlwind  computers.,  The  tubes 
are  of  the  deflection  type  whore  a  cathode  ray  team  writes  on  a 
dielectric  surface.  Both  plus  snd  minus  signals  are  read  out  of 
the  tubes  representing  the  digits  0  and  1.  Signals  are  stored 
permanently  and  are  maintained  by  a  holding  gun. 

The  present  tube  status  now  lies  between  the  research 
and  the  development  phases.  Large  output  signals  of  about  0.1 
volts  for  a  reading  time  of  3  microseconds  has  been  obtained. 
Signal-to-noise  ratio  in  most  cases  is  excellent.  The  spacing 
between  stored  charges  is  good  but  should  be  reduced  somewhat. 
Changes  in  gun  current,  the  dielectric  thickness,  and  the  secondary 
emitting  material  should  be  made  to  reduce  the  writing  time  from 
the  present  20  to  60  mi  croseconds.  Better  independence  of  control 
on  stored  charges  is  desirable  and  techniques  seem  available  for 
achieving  independent  control. 

One  tube  has  recently  heen  tested  which  would  store  12 
data  points  in  a  three-owrter  inch  diameter  circle.  Tests  on 
tube  life  and  the  life  of  secondary  emitting  surfaces  are  under 
way,  but  results  have  not  yet  been  obtained. 

Volume  9,  M-159,  summarises  the  storage  tube  program 
to  date.  Memorandum  M-130  discusses  some  results  obtained  on 
one  of  the  first  complote  storage  tubes.  Better  operation  has 
been  obtained  with  more  recent  models. 

In  R--110  is  the  storage  tuba  presentation  to  the  Harvard 
Computation  Symposium  in  January  1947.  The  objectives  outlined 
there  still  seem  reasonable.  The  use  of  low  energy  electrons 
from  a  holding  gun  was  discussed  and  this  feature  has  been  tested 
in  trial  tubes. 

Volume  9,  M-130,  shows  the  division  of  staff  time  In  the 
storage  tube  work.  Test  equipment  la  included  in  Volume  19.  Much 
time  has  been  devoted  to  vacuum  tube  techniques,  some  of  which 
are  discussed  in  Volume  9,  M-159,  M-112,  and  M-46.  Some  studies 
with  an  electrolytic  plotting  tank  are  reported  in  Volume  9,  M-56 
and  R-130. 
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The  study  of  aluminum  oxide  ns  a  dielectric  end  pre¬ 
paration  of  satisfactory  surfaces  is  discussed  in  the  work  "by 
Macdonald,  Volume  10,  R-131  and  R-128,. 

Deflection  circuits  for  electrostatic  tubes  have  been 
proven  feasible.  Deflection  circuits  and  pover  amplifiers  are 
reported  in  Volume  10,  E-32,  E-31  and  R-120. 
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Project  Whirlwind 
Servomechanisms  Laboratory 
Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts. 

SUBJECT:  THE  PHYSICAL  CHARACTERISTICS  OP  ALTTMIHU- t  OXIDE 
DIELECTRIC  LAYERS 

Written  by:  J.  Rosa  Itocdonald 

Date:  September  23,  1947 


Summary 


The  anodisation  of  aluEir’-p  is  an  electrolytic  process  whereby  the 
outer  surface  of  an  aluminum  e*  M.cl«>  is  converted  to  a  non-conducting 
aluminum  oxide  layer.  Anodisation  ic  carried  out  1  a  an  acid  bath. 

First,  measuring  techniques  are  described  for  determining  the 
following  properties  of  anodized  aluminum  oxide  dielectric  films;  thickness, 
resistivity,  breakdown  field  strength,  and  dielectric  constant. 

The  bulk  of  the  report  describes  the  apnlication  of  tho  above- 
mentioned  measuring  techniques  to  dielectric  films  formed  under  a  variety  of 
anodizing  conditions.  Preliminary  measurements  of  resistivity  were  made  in 
an  evacuated  desiccator.  Later  measurements  were  made  on  15  anodized  samples 
sealed  in  highly  evacuated  glass  envelopes.  Silver  paint  and  paste  were 
used  to  secure  electrical  contact  to  the  outside  of  these  oxidized  samples, 
and  it  was  found  that  silver  paste  penetrated  substantially  down  into  the 
pores  of  the  oxide  layer,  while  the  penetration  of  silver  paint  particles 
did  not  seem  to  be  appreciable. 

Measurements  of  thickness  as  a  function  of  anodizing  time  and 
anodizing  conditions  are  presented  in  12  graphs.  Variations  of  both  temper¬ 
ature  and  ncid  concentration,  and  anodizing  current  and  voltage  were  invest!" 
gated  separately  to  determine  an  anodizing  procedure  which  would  yield  an 
adequately  hard  and  thick  oxide  film.  It  v/as  finally  found  that  a  hard  layer 
at  least  five  mils  thick  could  be  formed  by  anodizing  at  a  bath  concentration 
of  3$  oxalic  acid,  at  a  temperature  of  24°C  or  less,  and  at  a  constant  voltage 
of  80  volts  d-c,  for  eight  hours. 

The  results  of  the  foregoing  measurements  indicated  that  a  thick 
dielectric  film  having  quite  adequate  mechanical  and  electrical  properties 
for  griddle  surface  use  could  be  formed  by  anodizing  for  eight  hours  or  more  at 
a  constant  voltage  of  80  volts,  a  bath  concentration  of  3$  oxalic  acid,  and 
a  temperature  of  24°C.  Indications  are  that  an  even  harder  film  cm  be  formed 
at  lower  anodizing  temperatures.  It  is  therefore  suggested  that  further  growth 
curves  by  plotted  of  film  formation  at  low  temperatures  for  a  variety  cf  bath 
concentration,  temperature,  voltage,  and  (low)  current  deneity  conditions  In 
order  to  determine  an  anodizing  procedure  which  will  produce  films  with 
optimum  electrical  and  mechanical  characteristics. 
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It  wae  not  found  Possible  to  anodizes  completely  through  griddle 
structure  walla  (rectangular)  10  rails  thick:  in  1A  hours  of  anodiz  ition 
under  the  above  conditions,  however.  It  would  seen  that  this  difficulty 
could  be  overcome  by  employing  taoering  walls. 

Doacrfotlon  of  Measuring  Techniciuoe 

In  order  to  properly  evaluate  anodized  aluminum  dielectric  layers, 
it  was  felt  desirable  to  measure  the  following  characteristics  of  the  films 

a.  thickness 

b.  resistivity 

c,  breakdown  strength 

d,  dielectric  constant 

Figure  1  shows  a  picture  of  the  apparatus  used  to  determine  the  resistivity 
of  an  anodized  layer.  Essentially,  the  metnod  used  depends  upon  measuring 
the  resistance  between  a  given  area  on  the  outer  surface  of  the  anodized 
layer  and  the  inside  metal .  Preliminary  measurements  were  made  b  tween  a 
drop  of  mercury  resting  on  the  dielectric  surface  and  the  inner  m<’tal„  The 
mercury  was  held^by  a  containing  ring  so  that  only  a  surface  area,  A,  of 
0o,39  centime terg^  rested  on  the  anodized  layer.  Because  there  wai-:t  a  strong 
force  of  electrostatic  attraction  between  mercury  and  metal  when  voltage 
differences  greater  than  200  volts  were  applied,  the  mercury  drop  flattened 
out  somewhat  as  the  applied  voltage  was  increaoedo  This  phonomoi  on  made  it 
impossible  to  determine  the  size  of  the  mercury  contact  area  very  accurately. 
The  resistivity,  ©  ,  itself  computed  from  the  formula:  ye  =»  4s,  where  R 
is  the  resistance  measured  between  the  conductor  of  area  A,  through  the  film 
of  thickness  d,  to  the  inner  metal;  therefore  errors  in  the  determination  of 
A  contribute  to  the  inaccuracy  of  P  „  In  addition,  this  formula  does  not 
account  for  the  edge  effect  present  under  these  experimental  conditions.. 

These  effects  both  cause  the  cominuted  value  of  /o  to  be  less  than  the  actual 
value,  but  the  total  error  in  p,  including  inaccuTaciea  In  deten  Ining  R(, 
is  probably  less  than  25  percent.  This  accuracy  is  quite  adequate  for 
general  evaluation  of  the  oxide  surfaces.  In  soma  of  the  later  measurements, 
the  contact  area  was  determined  much  more  accurately  by  coating  a  known  area 
of  the  anodized  film  with  conducting  silver  paint  or  paste.  Considerably 
larger  areas  were  used,  giving  both  a  better  average  value  of  the  resistivity 
and  less  error  due  to  edge  effect.  Because  the  resistance  to  be  reasured  was 
usually  in  the  range  from  10®  to  kA®  ohms,  it  was  necessary  to  use  a  more 
refined  circuit  than  an  ordinary  ohmeter  for  its  measurement p .  Also,  it  was 
desired  to  measure  the  resistance  as  a  function  of  voltage  applied  across  the 
dielectric  layer.  Therefore,  the  circuit  shown  In  Fig.  2  was  employed.  The 
voltage  V0  was  aunplied  from  a  high-voltage  rectifier,  variable  from  0  to 
1300  volts o  R-j_  wan  usually  either  a  100,  1000,  or  10,000  megohm  resistor, 
denending  upon  the  resistance  being  measured.  The  voltage  across  R]  was 
measured  with  a  Measurements  Corporation  Electronic  Voltmeter,  Model  62 
(shown  at  the  right  of  Fig.  l) ,  having  an  innut  resistance,  Rm,  of  approx* 
imetely  10^0  ohms.  The  resistance  of  the  sample,  Rs,  at  any  giver  apniied 
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voltage,  v0„  Is  then: 


Rs 


x  Rm 

+  V 


and  the  actual  voltage  applied  to  the  sample,  V  Ip  (v  -  V,)0  3^c»r  values 

of  %  less  than  or  equal  to  109  ohms,  the  effect  of  R  is  negligible,  so 
that  the  equation  may  he  rewritten: 


R0  s  (vo/ve  “  1)  HX' 

» 

In  measuring  samples  of  very  high  resistance  where  it  was  necessary  to  use 
R1  “  10  ohm>  t.he  more  accurate  formula  with  Rm  e  1010  ohms  was  employed. 
This  value  of  Rm  was  determined  by  substituting  a  kno^n  value  of  resistance 
for  Rh»  The  value  of  Rm  thus  obtained  was  not  very  accurate  but  was  still 
adequate  to  allow  comparative  readings  to  be  made.  Finally,  because  of  the 
extremely  high  grid  resistance  path  of  the  meter  through  %  when  It*  was 
equal  to  or  greater  than  109  ohms,  it  was  found  that  the  meter  would  block 
for  voltage  readings  greater  than  about  50  volts *  This  is  not  an  important 
disadvantage,  however,'  since  could  be  kept  ietso  than  50  volts  for  any 
values  of  VQ  and  Rg  by  using  different  values  of  R]_. 

In  order  to  determine  both  the  resistivity  and  dielectric  constant 
of  the  oxide  film, it  was  necessary  to  know  the  film  thickness,  d*  This 
quantity  was  found  by  measuring  the  total  thickness  of  a  flat  sample  in 
several  places,  both  before  and  after  the  anodisod  layer  had  been  removed. 
Since  the  film  covered  both  sides  of  such  a  sample,  the  average  value  of 
the  film  thickness  was  one  half  the  average  of  the  differences  between  the 
tvo  sets  of  measurements .  Because  the  anodising  process,  has  a  very  high 
throwing"  power,  there  was  little  reason  to  believe  that  the  layers  on 
separate  Bidets  of  a  given  sample  should  differ  in  thickness  appreciably* 

Nor  was  any  significant  difference  in  film  thickness  at  different  points  on 
a  flat  sample  detected  with  the  micrometer , 

Vith  a  conducting  layer  on  top  of  the  anodized  surface  secured  by 
the  earn®  methods  as  employed  in  the  resistance  measurements,  the  capacitance 
between  this  layer  and  the  inner  metal  was  measured  with  a  Boonton  "Q"  Meter 
Typo  160~A  ( shown  at  the  left  of  Fig*  1)*  The  frequency  at  which  moat 
capacitance  measurements  were  made  was  one  megacycle,.  The  capacitance  and 
thickness  of  thr  film  being  known,  the  dielectric  constant,  K,  could  then 
bo  computed  .from  the  formulas  K  s  Cd/0,0885A,  where  d  and  A  must  bo 
expressed  in  centimeter  unite,  and  thp  capacitance,  C,  1G  An  micromicrofarads a 
Again,  thi3  method  of  measurement  and  this  formula  take  no  account  of  tha 
edge  effect*  In  this  case,  however,  the  edge  effect  causes  the  computed  value 
o  the  dielectric  constant  to  be  somewhat  larger  than  the  actual  valuo,  in 
contradistinction  to  the  effect  it  has  upon  the  computed  value  of  the 
resistivity* 


There  have  been  shown  to  be  several  errors  in  the  methods  used  to 
determine  resistivity  and  dielectric  constant*  Although  the  errors  render  these 
procedures  unsuited  for  accurate  determinations , of  these  physical  quantities 
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their  presence  is-  not  serious  for  the  application  to  which  the  measurement 
techniaues  v'ere  applied.  It  was  desired  to  obtain  comparative  data  on 
samples  anodized  under  different  condition*,  so  that  the  dielectric  and 
mechanical  properties  of  the  oxide  layers  could  ho  assessed  and  the 
anodising  conditions  thereby  optimized.  These  measurements,  therefore, 
did  not  reaulre  more  than  a  fair  degree  of  relative  accuracy.  Finally, 
although  it  was  desired  to  establish  the  absolute  ranges  of  the  variables 
measured  to  determine  the  possibility  of  using  aluminum  oxide  as  a  dialect 
storage  surface,  great  aceureoy  of  measurement  was  not  necessary  for  the 
a&eruate  evaluation  of  this  possibility . 


s  and  of  Aluminum  Oxide 


nascent  oxygen  discharged  at  the  anoce  comoinGQ  wxtn  tne  aiuminuns  to  iorm 
aluminum  oxide;  instead,  four  or  five  percent  of  the  oxygen  remains  uncombined 
Second,  the  oxide  film  is  partially  dissolved  during  anodization  by  the  acid 
action  of  the  electrolyte.  These  two  effects  cause  the  film  to  grow  more 
slowly  than  indicated  by  Faraday's  law. 

The  oxide  layer  formed  is  amorphous  aluminum  oxide,  or  alumina. 
Probably  aluminum  hydroxide  is  formed  first  but  it  dehydrates  with  continuing 
electrolysis  and  becomes  porous  aluminum  oxide.  The  actual  film  formation 
takes  Place  at  a  very  thin  barrier  layer  of  oxide  at  the  base  of  the  pores. 

In  this  tyoa  of  formation,  pores  are  necessary  to  carry  the  oxygen  Iona  to  the 
metal-oxide  interface,  and  hence  presence  of  the  pores  is  essential  to 
continued  growth  of  the  film.  However,  the  pores  are  usually  less  than  0,1 
micron  in  diameter  and  there  are  more  than  a  million  of  them  In  each  oauare 
centimeter  of  surface,  The  common  axis  of  orientation  of  the  pores  runs 
approximately  perpendicular  to  the  surface  of  the  metal. 

The  appearance  of  oxide  layers  formed  in  oxalic  acid  depends 
primarily  upon  the  current  density  employed  during  formation  and  the  time 
of  formtion,  At  a  constant  current  density  of  46  amperes/foot®,  the  layer 
is  a  straw  brown  after  16  minutes;  an  the  anodization  continues,  the  color 
deepens  and  turns  gray=green„  Finally ,  after  an  hour  or  more  of  anodization, 
the  film  becomes  completely  white.  Striking  changes  in  the  physical  character 
of  the  gurface  aro  also  to  be  noted  during  the  anodization.  At  first,  the 
surface  ie  very  hard  and  can  scarcely  be  scratched  with  a  knife.  However, 
by  the  tine  the  color  has  become  white,  the  surface  is  relatively  soft  and 
powdery.  After  two  hours  of  anodization  at  46  anroeros/foot^,  white  powder 
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This  excessive  softness  is  an  undesirable  characteristic  for  a 
griddle  surface^  since  the  walls  of  the  griddle  structure,  if  anodised 
a  ..l  the  wry  through,  would  not  be  mechanically  rigid,  and  might  crumble. 

Ail  preliminary  measurements  of  oxide  layers  were  made  on  layers  formed 
at  46  araoereg/foot2  in  order  to  assess  the  dielectric  properties  of  the 
relatively  thick  oxide  films  which  could  be  formed  at  this  current 
density,  However,  after  these  properties  were  found  to  bo  adequate  for 
a  griddle  surface,  it  became  desirable  to  develop  a  method  whereby  not 
o'  iy  thick  filing  could  be  formed  but  also  the  hardness  and  rigidity  of 
the  oxide  layer  could  be  preserved  throughout  the  anodising  process* 

Therefore,  the  anodising  variables,  such  as  temperature,  current  density, 
and  acid  concentration,  wero  vm*ied  in  an  effort  to  form  a  surface  having 
both  good  dielectric  characteristics  and  mximum  hardness. 

Ho quit a  of  Preliminary  Measursmc n ta 

Preliminary  measurements  were  made  on  eight  spade*' shaped  samples 
having  a  spade  portion  two  inches  long  by  one  and  a  half  inches  wide,  all 
cut  from  a  single  sheet  of  l/l6th-inch  2S  aluminum.  All  of  these  samples 
were  anodicod  for  one  hour  at  a  current  density  of  46  aapores/foot^  and  a 
temperature  of  24°C  in  accordance  with  Reference  1  f,  In  order  to  determine 
the  effects  of  pore  sealing  upon  the  electrical  characteristics  of  the  films, 
two  samples  were  sealed  by  boiling  in  distilled  water,  and  two  by  the 
electrolytic  process  described  In  References  3  and  4  and  5,.. 

Measurements  on  these  samples  were  first  began  in  air  with  a 
mercury  drop  used  to  secure  contact.  However,  it  was  found  that  because 
of  the  porous  structure  of  the  samples,  moisture  could  not  be  eliminated  and 
low  resistance  and  erratic  results  were  obtained,  Therefore,  the  meaBurements 
were  made  in  a  large  desiccator  exhausted  to  a  pressure  of  about  10~2  nilli- 
metera  of  mercury  by  a  mechanical  force  pump,.  It  still  found,  however, 
that  it  was  necessary  both  to  heat  the  samples  with  an  infrared  heat  lamp 
before  exhausting  the  desiccator  and  to  allow  them  to  remain  in  a  vacuum 
overnight  to  obtain  reproducible  results.  Also,  it  wa3  necessary  to  wait 
about  -j  ha  If  -hour  after  voltage  wag  applied  to  the  samples  during  resistance 
measurements  before  pole ri nation  currents  became  negligible  and  the  true 
resistance  could  be  measured.. 

Figure  3  shown  representative  curves  for  th©  resistivity  of  the 
variously  treated  samples  computed  from  resista^co  measurements  mad©  according 
to  the  above  procedure.  From  these  curves  it  can  be  concluded  that  electrolytic 
sealing  decreases  the  resistivity  of  an  anodised  sample  by  a  factor  of  about 
ten,  w..ile  boiling  reduces  the  resistivity  about  a  thousand  times.  Evidently 
the  removal  of  most  of  the  air  did  not  remove  the  moisture  from  the  boiled 
samples,  since  their  resistivity  remained  practically  unchanged  when  they  were 
Jut  in  a  vacuum,  Eoth  pore-»c©aling  methods  seemed  to  increase  the  hardness 
of  che  samples  somewhat  but  only  at  the  exnens®  of  a  substantial  decrease  in 
resistivity.  Since  the  resistivity  of  the  unsealed  samples  was  in  the  range 
of  10  to  10  -  ohm°cent ime tcra 0  this  characteristic  of  the  oxide  layer  aoemod 
adequate  for  griddle  surface  use. 
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However,  there  is  no  justification  to  the  assumption  that  the  procedure 
which  "®e  followed  removed  all  the  moisture  from  the  pores  of  the 
electrolytically  sealed  and  unsealed  samples,  Nor  does  this  treatment 
approximate  that  which  is  used  to  remove,  the  occluded  gas  from  an 
electronic  tuba  Preparatory  to  sealing  off,  Since  an  actual  storage 
surface  used  in  a  storage  tube  must  undergo  the  latter  process,  resistance 
measurements  should  ideally  he  rade  on  samples  so  treated.  This  treatment 
involves  heating  the  metal  elements  of  the  tube  to  a  temperature  of  400  to 
500°C  with  radio-frequency  current  and  evacuation  to  a  pressure  of  10 
millimeters  of  mercury  or  better*  In  the  succeeding  resistance  tests  it  was 
therefore  decided  to  subject  the  eamnleo  to  this  treatment  and  to  seal  each 
one  off  in  a  small  glass  envelope  while  the  inside  pressure  was  maintained 
below  10"®  millimeters.  In  order  to  make  resistance  tests,  contact  was 
secured  to  the  outside  of  each  samole  by  covering  a  given  area  with  a  con¬ 
ducting  paint  or  paste. 

Breakdown  tests  were  aleo  made  on  the  eight  preliminary  samples 
using  the  mercury— drop  top  contact®  It  was  first  attempted  to  make  thee© 
tests  in  a  vacuum,  but  it  was  found  that  the  lead-in  wires  In  the  desiccator 
would  flash  over  for  applied  voltages #in  oxceso  of  500  volte.  Since  it  wan 
not  possible  to  evacuate  the  container  enough  so  that  higher  voltages  could 
be  applied,  the  breakdown  tests  were  made  in  air0  It  was  found  that  none  of 
the  samples  would  break  down  at  1300  volts,  the  limit  of  the  power  supply 
used.  Since  the  thickness  of  all  of  these  samples  was  measured  to  be  about 
0.0026  inches,  the  breakdown  strength  was  thus  greater  thar 

— --QQ —  volte/ inch  s  5  x  105  volts /inch 
0 ,0026 

Since  this  value  is  more  than  adequate  for  storage  tube  operation,  the  break¬ 
down  characteristics  of  the  samples  were  not  investigated  further  in  these 
preliminary  measurements. 

Capacitance  measurements  were  also  made  on  those  eight  samples®  It 
was  found  that  ageing  in  a  vacuum  had  negligible  effect  uoon  the  values  of 
capacitance  measured,  although  such  ageing  produced  an  increase  in  measured  "Qn. 
This  effect  can  probably  be  directly  attributed  to  the  increase  in  resistivity 
caused  by  such  ageing.  These  capacitance  measurements,  in  conjunction  with 
thickness  determinations,  yielded  a  computed  value  of  dielectric  constant  of 
three  for  films  of  average  thickness,  0.0026  inch.  However,  not  ersou.'h  samples 
were  measured  to  make  thig  a  very  accurate  value.  The  frequency  deoendence 
of  the  dielectric  constant  was  det°rmined  by  measuring  the  capacitance  of 
several  samples  over  the  entire  range  from  0,2  to  20  megacycles.  Ho  appreciable 
variation  of  K  with  frequency  cohid  be  detected  in  this  range. 

The  thickness  measurements  on  these  eight  samples  ghowod  very  little 
variation.  All  the  samples  were  anodized  for  one  hour  at  constant  temperature 
and  current  density,  and  the  total  variation  from  the  average  value  of  0.0026  Inch 
did  not  exceed  to„2  mil.  In  addition  to  the  thickness  measurements  on  samples 
anodized  for  one  hour,  measurements  were  also  made  on  several  samples  anodized 
for  two  hours.  It  was  found,  as  expected,  that  the  thickness  was  not  a  linear 
function  of  anodizing  time  but  fell  off  as  the  anodization  progressed.  The 
thickness  after  two  hours  was  about  0,0040  inch,  rathor  than  the  0,0052  inch 
which  would  have  been  measured  if  the  growth  had  been  linear.  Also,  as  pre¬ 
viously  mentioned,  the  film  formed  in  two  hours  of  anodization  was  foPnd  to 
be  quite  soft  and  powdery.  No  actual  curves  of  film  thickness  as  a  function 
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of  anodizing  time  are  given  at  this  point  'because  the  results  of  a  more 
accurate  and  thorough  investigation  of  film  growth  are  presented  in  a 
later  section* 

Measurements  on  Sealed- 1 n°Vacunm  rumples 

"he  results  of  the  oreli vinery  measurements  indicated  that 
resistivity  determinations  should  In  made  in  \  high  vacuum  after  thorough 
heat  treatment  in  order  to  approximate  the  environment  that  a.stoi’age 
surface  would  meet  under  actual  one  rating  conci'-ions  in  a  storage  tube* 

Figure  4a  shows  the  first  four  round  anodized  s&m.'les  that  were  used  to 
make  vacuum  measurements  of  thi ■  nal.ire,  while  Fig,  4b  chows  two  eroeri-. 
mental  griddlo~surfa.ee  samples*  The  cores  of  sample. i  2  and  3  in  Fig*  4a 
were  coaled  olectz'olytlcally  and  by  lolling  respective  The  other  two 
samples  v/ere  left  unsealed*  Like  the  preliminary  sample,  these  four  were 
anodized  at  a  constant  current  densitv  of  about  46  ampere^foot^  and  a 
temperature  of  approximately  24°C, 

After  the  anodization  and  sealing  were  completed,  ti  fr0nt  sur~ 
faces  of  these  samples  were  ccated  with  Hanovia  Liouid  Silver  Vint  No*  122-A. 
This  coating  was  baked  on  In  a.  furnace  f>r  three  hours.  The  fiyii  temper- 
ature  reached  was  500°C.  Then  these  samples  were  mounted  in  tul,,-.  similar 
to  those  shown  in  Fig„  5*  The  square  metal  plates  shown  on  top  c'  the 
anodized  samples  within  the  tubes  are  used  to  make  positive  contac .  to  the 
silver  coating.  During  evacuation  of  theiie  tubes,  the  supporting  e'.ynente 
and  the  inside  aluminum  of  the  samples  were  heated  with  xndio-frenueuy 
current  to  about  5Q0°C  to  drive  out  occluded  gases,  A  grant  deal  of 
was  thus  removed  from  the  anodized  layers.  The  final  seal-off  prossu  i  vac 
lower  than  10“^  millimeters  of  morcuryP 

Before  many  measurements  could  be  made  on  these  samples  _th\ 
resistance  of  the  first  sample  in  tube  I  dropped  from  more  than  10'5  meg'b « 
to  0.22  megohms  o  It  was  not  possible  to  determine  the  cause  of  this  virvt  . 
short  circuit,  but  it  was  recognized  that  more  vacuum-tube  samples  wmild  So 
necessary  to  enable  meaningful  measurements  to  bo  obtained.  Consequently, 
eight  more  samples  were  prepared.  The  anodizing  and  sealing  conditions  for 
these  samples  (l  to  8)  ore  summarized  in  Fig.  6,  which  also  gives  theta 
conditions  for  the  samples!:  first  constructed  (21  to  IV).  The  film  thickness 
estimated  from  anodizing  time  and  current  doneity,  d^ is  given  as  0,0024  inch 
for  the  first  three  samples  in  Figc  6  rather  than  the  0.0026  inch  determined 
from  the  earlier  thickness  measurements  and  used  for  the  succeeding  caroles* 

The  lower  value  is  used  to  account  for  the  fact  that  the  actual  current 
density  employed  in  anodizing  the  first  three  camples  was  approximately 
42.5  amperes/foot-^  instead  of  the  46  amperes/foot^  used  for  the  last  elgr* 
sample  g . 

It  was  thought  to  improve  the  technique  of  preparation  of  tb-> 
second  set  of  samples  in  two  ways.  First,  all  samples  were  heat'->*oat®^ 
in  a  vacuum  before  anodization  as  well  as  afterwards  to  ensv*’;-  the  remove, 
of  gases  in  the  aluminum  itself,  and  second,  Hanovia  Silver  Paste  No.  ,38 
(for  glass)  rather  than  silver  paint  was  used  to  form  a  thicker,  more  lasting 
coating  on  the  faces  of  the  samples. 

As  can  be  seen  from  Fig,,  6  these  samples  veio  anodized  at  different, 
temperatures  and  for  different  lengths  of  time  in  an  effort  to  find  the  Oifect 
of  varying  these  parameters  upon  the  resistivity.  T**i-  effort  waa  unsuccessful 
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however,  because  of  the  use  of  the  silver  oasto  coating.  It  was  found,  tin 
the  resistance  from  this  coating,  through  the  anodized  film,  to  the  inside 
metal  was  of  the  order  of  two  ohms  for  all  eight  samples  after  thorough 
haking  in  air  at  500°C  to  aet  the  coating.  Further  baking  in  air  did  noi 
increase  the  resistance.  Because  the  coating  of  paste  applied  was  much  thicker 
than  the  silver  paint  layer  used,  there  were  evidently  enough  part  cles  and 
moisture  to  penetrate  all  the  way  through  the  pores  of  the  anodised  layer  and 
thus  to  short  it  out*  There  were  probably  not  enough  particles  available  in 
the  silver  oaint  layer  for  this  to  happen,  or  possibly  the  silver  caste  part** 
ides  were  smaller  than  those  of  the  oaint  and  could  honco  penetrate  the  minute 
pores  more  easily*  However, wen  silver  paint  must  be  suspect  in  regard  to 
penetration  because  of  the  failure  of  the  samel e  in  tube  I«> 


It  was  found  that  after  heat  treatment  in  a  vacuum,  tho  resistance 
of  most  of  these  samples  increased  tremendously,  however*  As  shown  in  Plg*6, 
three  of  them  remained  effectively  shorted,  but  the  resistance  of  the  othe  8 
reached  more  normal  values  o  However l(  capacitance  measurement®  on  the  unohorted 
samples  indicated  much  higher  values  than  might  have  been  expected  had  there 
been  no  penetration*  Evidently  the  heating  in  vacuum  removed  the  remanent 
moisture  that  was  causing  the  anodized  layers  to  appear  shorted,  but  the  silver 
particles  remained  part  of  the  way  down  in  the  pores  of  the  layers  and  docreaced 
the  effective  thickness.  Therefore,  it  was  found  that  the  capacitances  computed 
from  estimated  values  of  film  thickness  baaod  on  anodizing  time  and  from  a 
dielectric  constant  of  three  were  much  smaller  than  those  actually  measured:  on 
the  five  unshorted  samples. 


Assuming  a  value  of  three  for  the  dielectric  constant,  the  effective 
thickness  of  each  of  the  layers,  was  computed  from  the  measured  capacitance 
valuee *  Then,  by  comparison  with  the  thickness  estimated  from  length  of 
anodization,  d0,  It  was  possible  to  compute  a  rough  value  of  the  average 
percentage  penetration  of  tho  silver  particles  into  tho  oxide  layers*  Thic 
approximate  measure  of  the  penetration  was  computed  for  all  eleven  samples  and 
is  shown  in  Fig*  6* 


It  can  he  seen  from  Fig*  6  that  alive*,  paint  Beams  to  penetrate  a 
negligible  amount  into  the  pores.,  The  eight  percent  for  samples  III  could 
easily  be  due  to  cumulative  experimental  errors*  It  is  not  possible  to  tell 
very  accurately  from  the  small  number  of  samples  coated  with  oilv  past*: 
which  factors  influence  the  penetration  of  the  past©  particles  into  the  oxide 
layer..  There  is  no  clear-cut  correlation  between  samples  treated  similarly* 
However,  the  average  penetration  of  tho  four  camples  anodized  at  about  14 °l 
is  considerably  lower  than  that  of  tho  four  anodized  at  25®C*  This  result 
might  be  expected  from  the  fact  that  camples  anodised  at  lower  temperatures  are 
harder  than  those  formed  at  higher  temperatures  and  presumably  have  smaller 
pores* 

Fig.  6  also  gives  the  resistivity  of  these  eleven  samples ,  computed 
from  the  resistance  measured  with  200  volts  applied  to  tho  samples*  No 
resistivity  curves  as  a  function  of  voltage  are  given  because  the  resistance 
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of  most  of  the  samples  was  too  high  to  measure  accurately  with  the  available 
eoulpment ,  For  resistance  values  greater  than  10^-2  ohms,,  it  was  found 
imoogsible  to  zero  the  electronic  voltmeter  when  using  a  shunt  resistance,, 

% o  of  1,000  or  10,000  megohms .  And,  in  addition,  oven  thoco  largo  values 
o.t  Rjl  did  not  produce  large  enough  meter  deflections  for  accurate  reading. 
Therefore,  the  higher  resistivities  in  Fig.  6  can  only  be  specified  as  greater 
than  10"^  ohm-centimeters. 

The  resistivities  of  the  samples  coated  with  silver  paste  were 
determined  from  d^,  the  comouted  thickness  of  the  anodized  layer  taking  none- 
tration  into  accounts  These  values  do  not  have  very  much  meaning,,  however, 
because  of  the  penetration  phenomenon*  Penetration  of  silver  particles  almost 
all  of  the  way  down  through  a  few  of  the  pores  In  an  anodized  layer  would 
cause  a  greater  change  in  measured  resistance  than  it  would  in  meaeurod  cap¬ 
acitance.  Therefore,  it  Is  not  really  valid  to  ubq  the  value  of  the  effective 
thickness  of  the  layer  here  computed  from  capacitance  measurements  for  reel*- 
tivity  calculations* 

It  can  be  seen  from  Fig.  6  that  the  resistivity  of  all  the  boiled 
samples  not  shorted  is  of  the  same  order  of  magnitude  as  that  of  the  unsealed 
samples.  This  result  is  very  different  from  those  of  the  earlier  low-vacuum 
measurements.  Evidently,  thorough  heat  treatment  in  a  high  vacuum  converts  the 
aluminum  oxide  monohydrate  in  the  boiled  films  back  to  anydrous  aluminum  oxide 
with  a  consequent  increase  in  resistivity.  Also,  very  little  polarization 
effect  was  noted  during  measurements  on  any  of  these  eleven  samples.  Its 
appearance  in  the  earlier  tests  was  probably  caused  by  moisture  that  had  not 
been  removed  from  the  oxide  layers. 

Although  it  was  impossible  to  obtain  accurate  measurements  of  tho 
resistance  of  most  of  these  aealod-in-vacuum  samples,  the  approximate  values 
of  the  resistivities  show  that  the  aluminum  oxido  layer,  when  properly  dried 
out,  has  a  more  than  adequate  resistivity  for  use  as  a  dielectric  storage  material 
In  a  storage  tube.  In  addition,  the  evidence  of  Table  I  indicates,  though  not 
conclusively,  that  electrolytic  pore  sealing  decreases  the  resistance  of  an 
anodized  layer* 

Reeults  of  the  Search  for  Optimum  Anodizing  Conditions 

The  results  of  the  preceding  measurements  indicated  that  unsealed 
aluminum  oxide  layers,  v;hen  measured  under  conditions  approximating  the 
environment  of  a  storage  tube,  have  a  high  enough  resistivity  for  use  as 
storage  surfaces.  In  addition,  previous  measurements  in  air  showed  that  the 
breakdown  strength  of  the  material  was  sufficiently  high*  However,  those 
maaouremonta  also  indicated  that  while  it  was  possible  to  produce  films  four 
or  five  mils  In  thickness  by  anodizing  at  46  amperec/foot2,  such  films  did 
not  have  the  requisite  hardness  and  mechanical  rigidity  for  griddle  surface 
use  even  when  electrolytically  sealed.  Therefore,  It  was  decided  to  make  a 
systematic  study  of  the  growth  of  the  oxide  film  under  varying  anodising  con¬ 
ditions  in  order  to  find  a  set  of  conditions  under  which  a  thick,  hard  coating 
of  aluminum  oxide  could  be  produced* 

The  major  parameters  that  it  was  decided  to  vary  were  bath  temperature 
and  concentration,  and  current  density*  Figures  7,  8,  and  9  present  most  of 
the  pertinent  information  available  in  the  literature.*  Figure  7  shows  a  small 
maximum  of  film  thickness  for  the  higher  current  densities  at  the  low  acid 
concentration  of  1*43  Percent  oxalic  acid*  Figure  8  indicates  that  it  is 


*Fig.7t  Fig, 8 ,  Fig. 9  are  from  Ref.  6,  pp.125,  127,  154. 
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possible  to  form  layers  as  thick  as  ten  milts*  although  there  is  no  data 
given  concerning  the  electrical  and  mechanical  properties  of  such  thick 
films.  Finally,  Fig.  '1  gives  the  breakdown  voltage  of  oxide  films  for 
till  claves  ass  up  to  almost  three  mils.  The  breakdown  field  strength 
decreases  somewhat  with  increasing  thickness  and  at  0.07  millimeters  is 
only  1.16  x  105  volto/inch.  However,  since  no  information  is  given  about 
the  conditions  under  which  the  films  used  in  the  brsakdovm.  measurements 
were  formed  thin  curve  cannot  be  taken  to  apply  generally. 

Because  of  the  relative  paucity  of  information  available  in  the 
literature,  it  was  decided  to  begin  the  investigation  with  the  current  of 
density  of  46  amperes /foot2  which  had  been  used  to  form  the  Previously 
measured  films.  In  order  to  secure  accurate  thickneso  data  it  was  necessary 
to  use  flat  samples  of  well-determined  area  and  as  constant  a  thickness  as 
possible.  Figure  10  shows  soma  of  the  small  samples  used.  Although  the 
color  tone  values  in  the  picture  do  not  correspond  exactly  to  those  of  the 
samples  themselves,  a  lightening  in  color  can  be  seen  from  left  to  right. 

The  first  sample  on  the  left  is  unanodized,  while  the  anodizing  periods 
(and  hence  film  thickness)  of  the  rest  increase  from  left  to  right,  dmaller 
samples  than  the  ones  used  in  the  preliminary  investigation  v*ere  chosen  so 
that  less  total  anodization  current  v/ould  be  required  during  anodizing,  and 
it  would  hence  be  easier  to  held  the  temperature  constants  All  of  these 
samples  were  cut  from  a  single  sheet  of  28  aluminum,  l/l6-lnch  thick.  The 
samples  themselves  were  cut  one-half  an  inch  wide  and  were  immersed  in  the 
bath  to  a  marked  line  so  that  a  current  density  of  46  eraperes/foot^  could  b® 
maintained  with  a  current  of  one-half  an  ampere  per  sample. 

Figures  11  through  13  show  the  growth  of  an  oxide  film  over  a  two- 
hour  anodizing  period  for  different  bath  temperatures.  These  curvee  were 
drawn  from  thickness  measurements  made  both  before  and  after  anodization  and 
after  removal  of  the  oxide  film©  The  sets  of  two  closely  spaced  points  on 
these  curves  show  the  spread  between  two  separate  samples  anodized  for  this 
same  length  of  time.  Where  only  ono  point,  is  given,  the  measurements  yielded 
identical  results.  In  Fig.  14,.  the  average  of  each  cot  of  points  is  Plotted 
rather  than  the  points  themselves. 

These  curves  indicate  that  the  film  builds  ftp  both  inwards  into  the 
metal  and  outwards  from  its  initial  surface.  It  can  be  seen  that  as  the 
temperature  is  increased  the  acid  activity  increases  correspondingly  and  the 
attack  on  both  the  outside  of  the  film  and  on  the  inside  metsil  is  greatly 
accelerated.  At  a  temperature  of  36°Ce  the  final  thickness  of  an  anodized 
article  will  actually  become  lesa  than  the  initial  thickness  after  anodization 
has  progressed  for  more  than  about  two  hours o  As  shown  in  Fig.  14,  the  effect 
of  increasing  the  temperature  upon  total  film  thickness  ic  practically  neg¬ 
ligible  during  the  first  hour  of  anodization  since  it  is  only  after  this  long 
a  time  in  the  bath  that  the  eroding  action  of  the  acid  begins  to  act  more  on 
the  film  than  upon  the  base  metal.  It  will  bo  npted  that  the  thickness  values 
given  in  Figc  14  differ  somewhat  from  those  obtained  with  the  preliminary 
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samples®  The  differences  are  probably  due  chiefly  to  the  greater  t^recislon 
with  v/hieh  the  actual  submerged  sample  area  was  determined  for  the  later 
smaller  samples  and  to  the  more  precise  temperature  control  possible  with 
these  samples. 

The  difference  shown  in  Fig.  1*  between  the  curves  taken  at  12°C 
and  24°C  is  almost  negligible  and  is  also  practically  within  the  limits  of 
experimental  error.  Therefore,  it  was  decided  to  anodize  most  of  the 
succeeding  samples  at  24°C  because  of  the  much  greater  ease  of  holding  the 
bath  temperature  constant  at  this  value  rather  than  12°C  or  belowc  It  was 
found  that  although  films  formed  at  12°C  for  two  hours  were  substantially 
harder  than  those  formed  at  higher  temperatures,  they  were  still  much  softer 
than  films  formed  for  only  a  half  an  hour  at  the  higher  temperatures  and 
were  still  flaky  and  powdery.  Consequently,  reduction  of  temperature,  while 
increasing  film  hardness,  does  not  offer  a  complete  solution  to  the  Problem 
of  forming  a  thick,  mechanically  hard  and  rigid  dielectric  film. 

Figures  15  through  17  present  the  results  obtained  using  either 
half  the  previous  acid  concentration,  half  the  current  density,  or  both 
together  during  anodization*  Instead  of  anodizing  two  samples  for  each  time 
interval  shown  on  these  graphs,  as  was  done  to  obtain  the  previous  growth 
curves,  it  was  decided  that  the  small  loss  in  accuracy  involved  in  anodizing  only 
one  sample  for  each  time  interval  would  be  more  than  compensated  by  the  extra 
time  thus  gained  for  further  study  of  film-growth  phenomena.  Therefore,  the 
points  on  the  succeeding  curves  represent  only  one  anodized  sample  each. 

Figure  15,  for  full  current  density  and  half  the  previous  acid  concentration, 
shows  that  the  film  does  not  build  either  inwards  or  outwards  as  fast  as  it 
does  at  the  higher  concentration.  This  curve  had  to  be  discontinued  after 
about  an  hour  because  of  stripping  of  the  oxide  layer  at  the  water  line  after 
this  long  an  anodization.  This  effect  was  probably  caused  by  the  abnormally 
high  voltage  (160  volts)  that  was  required  to  maintain  the  given  current 
density  in  the  low-concentration,  poorly  conducting  bath  after  an  hour  of 
anodizing.  During  the  first  part  of  the  anodizing  process,  the  voltage 
necessary  to  maintain  a  current  density  of  *6  ampere s/foot^  is  below  100  volts 
but  gradually  rises  as  the  film  becomes  thicker  and  its  wet-resistance  increases. 
Practically  the  entire  voltage  drop  appears  across  the  oxide  film,  and,  as  the 
resistance  of  the  acid-filled  film  increases,  more  and  moro  power  must  be 
dissipated  in  the  film  if  the  current  is  kepi  constant.  With  an  applied 
voltage  of  160  volts  and  a  current  per  sample  of  one-half  an  ampere,  each  small 
sample  must  dissipate  80  watts;  therefore,  it  is  not  surprising  that  localized 
heating  at  the  water  line,  where  the  bath  cannot  adequately  cool  the  sample, 
should  result  in  a  stripping  off  of  the  oxide  layer.  This  difficulty  was  not 
experienced  at  higher  aci£  concentrations  and  a  current  density  of  46  amperos/foot 
because  even  after  long  periods  of  anodization  lower  voltages  were  required  to 
maintain  the  given  current.  Evidently, the  greater  conductivity  of  baths  having 
higher  acid  concentrations  keeps  the  vet-resistance  of  films  formed  in  such 
baths  lower  during  all  stages  of  anodization. 
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’’’lguree  16  and  1?  show  that  at  lower  current  densities  also  the 
effect  of  a  3  rather  than  a  1-|-  percent  acid  concentration  is  definitely 
beneficial  to  film  formation.  These  results  are  in  contradiction  to  those 
of  Fig.  7,  taken  from  the  literature,  which  show  a  slight  maximum  at  the 
lower  acid  concentration.  However,  in  that  figure  the  maximum  is  very 
slight  and  the  points  shown  do  not  lie  very  near  the  two  curves  drawn  for 
higher  current  densities.  Figure  18  summarizes  the  effect  of  the  different 
current  density  and  acid  concentration  conditions  upon  the  total  thickness 
of  the  film  formedp  Both  current  density  and  bath  concentration  can  bo 
seen  to  contribute  to  the  growth  of  the  film. in  different  degrees.  Curve  C, 
at  half  current  density  and  full  concentration,  is  especially  noteworthy 
because  of  its  linearity.  The  hardness  of  the  samples  formed  under  the 
conditions  of  curve  C  greatly  exceeded  that  of  others  formed  at  twice  the 
current  density.  However,  the  thickness  was  not  as  great  at  the  lower 
current  density  and  the  hardness  was  still  not  adequate.  Nevertheless, 
reduction  of  the  anodizing  current  density  was  indicated  by  these  results 
to  be  ono  method  of  increasing  the  hardness  of  the  final  film.  It  was  there¬ 
fore  decided  to  make  a  number  of  much  longer  anodizing  runs  at  relatively  low 
current  densities. 

The  results  of  three  long  anodizing  runs  are  summarized  in  Figures 
19  through  22.  Since  the  results  shown  in  Fig.  18  indicated  that  increasing 
the  acid  concentration  of  the  anodizing  bath  caused  the  film  growth  curve 
to  remain  linear  for  longer  anodising  times,  it  was  decided  to  increase  the 
acid  concentration  and  to  make  a  long  run  to  determine  how  long  this  linearity 
could  be  maintained.  Figure  19  therefore  shows  the  results  of  anodizing  for 
six  hours  at  a  current  density  of  23  amperes /foot2  and  an  acid  concentration 
of  six  percent  oxalic  acid.  This  figure  should  be  compared  with  Fig.  16 
for  three  percent  concentration  and  the  same  current  density.  In  the  two- 
hoi  r  region  in  which  comparisons  can  be  made,  there  is  no  appreciable  difference 
between  the  two  figures.  The  growth  curve  for  the  higher  concentration  remains 
linear  for  3$  or  4-  hours,  then  begins  to  fall  off  rapidly  as  the  acid  erodes  the 
outer  surface  of  the  film  faster  than  it  is  built  up.  Thee*  results  would 
seem  to  indicate  that  although  increasing  the  acid  concentration  above  l£ 
pei went  ie  worth  while,  further  increase  above  3  or  4  percent  is  unwarranted. 

Although  samples  anodized  for  six  hours  at  23  amperea/foot2  and 
six  percent  acid  concentration  had  an  oxidized  layer  of  more  than  adequate 
thickness  for  griddle  surface  applications,  these  anodized  films  wore  still 
not  nard  enough,.  In  order  to  further  reduce  the  current  density  during 
anodizing,  it  was  decided  to  carry  out  some  anodizing  runs  at  constant  voltage 
rather  than  constant  current.  With  constant  voltage  the  initial  current 
density  is  very  high,  but  the  current  density  rapidly  drops  off  as  the  first 
thin  oxide  barrier-layer  is  formed  on  the -metal  surface.  After  the  first  large 
decrease  in  current  density B  the  subsequent  decrease  is  very  slow.  The  average 
current  density  during  any  given  period  is  a  function  of  the  applied  voltage 
and  the  acid  concentration.  For  an  applied  voltage  of  100  volte,  it  was  found 
to  be  approximately  12  amperes/foot2  during  the  eight-hour  anodizing  period 
shown  in  Figs.  20  and  21,  while  for  80  volts  it  was  about  7  amperoe/foot  . 
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These  values  are  substantially  lower  than  any  used  in  the  previous  runs  at 
constant  current  density;  consequently,  longer  anodizing  times  are  required 
to  form  films  of  thicknesses  comparable  to  those  formed  at  the  higher 
current  densities »  However,  this  disadvantage  is  minor  if  harder  films 
can  be  formed  by  anodizing  at  lower  current  densities # 

Figures  20  and  21  show  the  growth  of  the  oxide  film  for  constant 
applied  voltages  of  100  and  80  volts#  As  shown  explicitly  in  Fig#  22,  a 
thicker  film  can  be  formed  in  a  given  length  of  time  at  the  higher  voltage 
because  of  the  greater  average  current  density#  On  the  other  hand,  it  can 
be  seen  from  Fig,,  22  that  the  100  volt  thickness  curve  rounds  off  more  in 
the  last  two  hours  of  the  anodizing  run  than  does  the  80  volt  curve#  Therefore 
it  is  probable  that  as  thick  films  can  be  formed  at  80  volts  ae  are  possible 
at  100  volts  by  extending  the  anodizing  period  somewhat  for  the  lower  voltage# 
Sven  the  film  formed  at  80  volts  is  thick  enough  after  eight  hourE  of  anod~ 
ization,  however,  to  enable  a  tapered  griddle-surface  wall  having  a  maximum 
thickness  of  ten  mils  to  be  anodized  completely  through#  In  addition,  the 
film  formed  at  80  volte  was  found  to  be  considerably  harder  than  that  formed 
at  100  volts,  and  both  of  these  films  were  much  harder  and  smcother  than  any 
of  comnarable  thickness  previously  formed  at  46  or  23  amperes/foot^# 

Resistance  and  breakdown  measurements  were  made  on  eight  samples  of 
different  thicknesses  anodized  at  constant  voltage.  Resistance  measurements 
were  made  as  in  the  preliminary  investigation  in  an  evacuated  desiccator  with 
mercury  used  to  make  electrical  contact  with  the  samples,  and  no  appreciable 
differences  could  be  detected  between  the  resistivities  of  samples  formed  at 
constant  voltage  and  constant  current#  Nor  was  it  possible  to  discover  any 
variation  in  resistivity  with  oxide  thickness#  Breakdown  measurements  were 
made  on  a  total  of  22  of  these  small-aize  samples  anodized  under  all  the 
different  voltage,  current,  and  acid  concentration  conditione  described  thus 
far.  Measurements  were  made  in  air  with  a  variable  d-c  power  supply  having 
a  maximum  output  voltage  of  6,000  volts#  Again  no  significant  differences 
between  samples  anodized  at  constant  voltage  and  at  constant  current  could  bo 
found.  However,  the  range  of  measured  values  was  largos  breakdown  occurred  at 
field  strengths  ranging  from  2#6  x  105  to  1.3  x  106  volts/lnch#  The  average 
value  of  the  breakdown  field  strength  for  th.»oo  22  samples  was  6#9  x  10R 
volts/inch# 

Because  the  scatter  in  observed  breakdown  values  was  particularly 
large  at  small  thicknesses  (probably  because  inhomogonelties  in  the  film 
affected  the  breakdown  strength  more  for  small  thicknesses  than  for  large), 
it  was  impossible  to  make  certain  of  the  dependence  of  the  breakdown  strength 
upon  thickness  over  the  entire  thickness  range  measured.  At  thicknesses 
exceeding  three  mils,  however,  a  trend  toward  decreasing  breakdown  strength 
with  Increasing  thickness  was  quite  evident#  This  result  is  in  qualitative 
agreement  with  the  data  given  in  Fig#  9,  but  quantitatively  the  breakdown 
strengths  measured  here  considerably  exceed  those  which  may  be  computed  from 
the  curve  of  Fig#  9#  Not  enough  samples  were  measured  for  each  of  the 
different  anodizing  conditions  to  make  it  possible  to  establish  unequivocally 
any  correlations  between  breakdown  strength  and  anodizing  conditions  such 
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ae  current,  voltage,  temperature,  and  acid  concentration, 

Dieloctric  constant  determinations  were  carried  out  for  33  of  these 
small  sample a3  The  values  obtained  ranged  from  2„6  to  6.2  with  an  average  value 
of  4.26.  The  most  probable  error  of  these  values,  computed  from  th©  scatter 
assuming  a  gaucslan  error  distribution,  was  found  to  be  26  percent  of  the  average 
dielectric  constant*  This  large  a  probable  error  cannot  bo  adequately  explained 
by  attributing  it  exclusively  to  errors  in  the  individual  measurements  used  to 
compute  the  dielectric  constant*  The  maximum  probable  error  which  it  seems 
reasonable  to  assign  to  the  capacitance  measurements  is  five  percent.  Three  or 
more  capacitance  measurements  were  made  at  different  positions  on  each  side  of 
every  sample,  and  these  six  or  more  values  averaged  to  give  the  final  capacitance 
used.  It  waa  hoped  in  this  way  to  cancel  out  the  effect  of  any  difference  in 
film  thickness  between  the  two  sides  of  a  given  sample,  since  it  is  the  average* 
value  of  the  thicknesses  of  the  films  on  either  side  of  a  smaple  which  is 
determined  by  the  thickness  measuring  method.  The  maximum  probable  error  of  the 
thickness  measurements  should  also  be  five  percent  or  lees.  Because  of  the  edge 
effect  and  difficulty  in  measuring  the  area  of  contact  between  a  mercury  drop 
and  a  sample,  the  accuracy  to  which  the  area  of  contact  is  known  is  probably  no 
better  than  ten  percent.  Since  the  overall  probable  error  of  the  dielectric 
constant  in  percent  is  the  rms  value  of  the  individual  percentage  probable  errors 
of  the  Quantities  used  to  compute  the  dielectric  constant,  its  value  should  then 
be  approximately  12  percent. 

Although  it  was  impossible  to  determine  any  definite  dependence  of  the 
dielectric  constant  upon  film  thickness  or  anodizing  conditions,  the  disagreement 
between  the  probable  error  determined  from  the  individual  measurements  used  to 
compute  the  dielectric  constant  and  the  actual  probable  error  found  from  the 
scatter  in  the  computed  values  is  evidence  that  some  such  dependence  exists  and 
that  the  scatter  is  not  due  solely  to  errors  in  measurement.  The  actual  determi¬ 
nation  of  the  factors  which  cause  such  scatter  would  require  a  more  carefully 
controlled  and  extensive  investigation.  However,  it  is  worth  noting  that  the 
average  value  of  the  dielectric  constants  of  the  eight  samples  anodized  at  con¬ 
stant  voltage,  which  was  found  to  be  4.7,  differs  by  only  nine  percent  from  the 
overall  average  of  the  dielectric  constants  of  th©  thirty- three  samples  measured, 
and  th®  scatter  in  values  of  these  eight  samples  was  small. 

In  an  effort  to  obtain  more  comparative  data  between  samples  anodized 
at  high  constant  current  densities  and  at  constant  Toltage  (low  average  current 
density),  four  smooth  round  samples  similar  to  those  shown  in  Pig.  24b  were  sealed 
in  vacuum  tubes  of  the  type  depicted  In  Fig.  5  »  In  Fig.  24b,  the  first  of  the 
samples  shown  is  unanedized,  the  second  anodized  five  hours  at  80  volts,  and  the 
third  anodized  one  and  a  half  hours  at  46  amperes/foot  .  The  constant- voltage 
sample  is  actually  considerably  darker  than  the  dead-white  constant-current  sample, 
but  the  color  values  do  not  Bhow  up  clearly  in  the  picture. 

Of  the  four  samples  mounted  in  vacuum  tubes,  one  pair  was  anodised  at 
80  volts  while  the  other  pair  was  anodized  at  46  amperos/foot^.  The  bath  tem¬ 
perature  was  24°C  in  both  cases.  The  anodizing  times  of  the  two  paire  were 
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adjusted  with  the  help  of  Figs,  14  and  22  to  make  the  final  film  thickness  of 
all  the  samples  approximately  four  ails.  One  of  each  pair  of  samples  was  eloctro- 
lytically  sealed.  Silver  paint,  covering  a  circular  area  of  0,44  inches^  was  baked 
on  the  middle  of  each  sample  to  Bacure  electrical  contact  to  the  top  of  the 
anodized  films.  Then  the  samples  were  heated  to  400°C  in  a  vacuum  before  the  glass 
tubes  were  closed  off  at  a  pressure  of  10  ^  millimeters  of  mercury. 


Resistance  measurements  on  these  samploc  did  not  produce  much  new 
information.  No  appreciable  difference  in  the  resistivities  of  samples 
anodized  at  constant  voltage  and  at  constant  current  for  either  the  unsealed 
or  electrolytically  sealed  samples  was  detected®  The  resistivity  of  unseal* 
samples  was  found  to  be  of  the  order  of  1015  ohm-centimeters  and  that  of 
sealed  samples  was  about  ten  times  less.  Extensive  measurements  of  the 
resistances  of  these  samples  were  not  undertaken  because  of  the  lack  both  of 
time  and  of  accurate  equipment  for  measuring  resistances  greater  than  10 
ohms.  In  addition  to  large  inaccuracies  occurring  from  the  necessity  of 
measuring  resistances  of  this  magnitude  with  available  equipment,  the  com 
puted  value  of  the  resistivity  is  rendered  oven  more  approximate  by  the 
necessary  use  of  film  thickness  values  estimated  from  anodizing  times® 

The  dielectric  constants  of  these  different  films  were  determined 
from  the  estimated  film  thickness  and  from  capacitance  measurements®  Again, 
no  significant  differences  could  be  found  between  samples  anodized  under  the 
two  different  current  and  voltage  conditions,  but  pore  sealing  seemed  to  have 
a  considerable  effect.  The  average  dielectric  constant  of  the  two  unsealed 
layers  was  4,8,  while  that  of  the  sealed  films  was  only  3,1®  However,  this 
determination,  depending  as  it  does  upon  estimated  thickness  values,  neglecting 
any  penetration  of  silver  paint  into  the  film,  and  comprising  only  two  samples 
of  each  type,  cannot  be  taken  as  conclusive  evidence  of  a  decrease  in  dielectric 
constant  with  sealing,  especially  in  view  of  the  wide  scatter  in  dielectric 
constant  determinations  for  the  thirty-three  small  samples  previously  mentioned® 

Finally,  some  experimental  griddle- surface  samples  were  anodized 
both  at  constant  current  and  constant  voltage  to  determine  whether  the  grldd  e 
walls  could  be  anodized  completely  through  and  if  requisite  film  hardness 
oould  be  obtained.  The  initial  griddle  pattern  was  formed  by  embossing  flat 
2S  aluminum  with  a  hardened  steel  die  under  a  pressure  of  approximately  40,000 
pounds  per  square  inch.  The  circle  embossed  by  the  die  was  one  inch  in  diameter. 
The  actual  dimensions  of  the  griddle  structure  can  be  most  easily  specified  with 
the  aid  of  Fig,23,  Dimension  naH  shown  on  that  drawing  is  10  mils;  nb",  25  mils; 
and  •©",  approximately  15  mils® 

In  Fig,  24a,  the  first  griddle  sample  shown  on  the  left  is  unanodized, 
the  second  anodized  for  two  hours  at  46  ampores/foot^,  and  the  third  anodize  1 
5^  hours  at  80  volts®  The  bath  temperatures  during  these  anodizations  were 
held  at  24<>C,  Two  griddle  samples  anodized  for  two  hours  at  46  anrperes/foot^ 
are  also  shown  in  Fig,  4,  As  expected,  it  was  found  that  the  samples  anodized 
at  the  high  constant  current  density  were  too  soft  and  powdery  to  make  an  ideal 
griddle  surface,  while  those  anodized  at  80  volts  were  harder,  smoother,  and 
quite  acceptable  for  griddle  surface  use®  It  was  found  impossible  to  anodize 
completely  through  the  griddle  walls,  however,  even  with  14  hours  of  anodization 
at  80  volts®  After  removal  of  the  oxide  film,  a  very  fine  metal  fin  less  than 
a  half  a  mil  in  thickness  still  remained  at  the  center  of  each  pocket  wall.  It 
was  possible  to  anodize  down  into  the  tops  of  the  walls  so  that  the  film  thick¬ 
ness  on  the  tops  was  greater  than  five  mils,  but  the  current-carrying  metal  ino 
which  remained  could  not  be  completely  anodized  through  even  though  a  film  at 
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least  seven  alls  in  thickness  ought  to  have  been  formed  on  each  side  of  tho 
10-mil- thick  wall  in  this  anodizing  tine „  Possibly  a  longer  anodization  at 
a  slightly  increased  average  current  density  would  convert  most  of  the  center 
metal  in  the  walls  to  oxide,  hut  even  under  these  conditions  a  considerable 
amount  of  metal  might  remain  in  the  center  of  the  oxide  layer  if  the  fins  were 
oxidized  through  near  their  bottoms  (ae  might  well  barmen  with  walls  of  constant 
thickness)  and  tho  electrical  contact  between  the  remaining  upper  metal  parts 
and  the  metal  of  the  base  thus  destroyed,  This  difficulty  could  be  easily  re¬ 
moved  by  using  tapered  walls  having  a  10  to  20  degree  taper  as  shown  in  Pig,  25, 

Recomnenddd  AnodJ z lng_CpndilloPg. 

Tho  results  of  the  foregoing  measurements  indicated  that  a  thick 
dielectric  film  having  quite  adequate  mechanical  and  electrical  properties 
for  griddle  surface  us©  could  be  formed  by  anodizing  for  eigftt  hours  or 
more  at  a  constant  voltage  of  80  volts,  a  bath  concantration  of  3f>  oxalic 
acid,  and  a  temperature  of  24°C,  Indications  are  that  an  even  harder  film 
can  be  formed  at  lower  anodizing  temperatures.  It  is  therefore  euggeated 
that  further  growth  curves  be  plotted  of  film  formation  at  low  temperatures 
for  a  variety  of  bath  concentration,  temperature,  voltage,  and  (low)  current 
density  conditions  in  order  to  determine  an  anodizing  procedure  which  will 
produce  films  with  optimum  electrical  and  mechanical  characteristics,. 
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SUBJECT;  THE  EMBOSSING  AND  ANODIZATION  OF  ALUMINUM  FOR  STORAGE  TUBE 
DIELECTRIC  SURFACES. 

Written  by:  J.  Ross  Macdonald 

Date:  October  20th,  1947 


Introduction 

\  t 

In  the  eloctrostatic  Rtorage  tube  being  developed  for  the  Whirlwind 
computers,  a  griddle  storage  surface  represents  one  approach  to  the  solution 
of  the  problem  of  secondary  electron  control.  ho  general  characteriutics 
of  a  griddle  surface  are  shown  in  Drawing  A*$ll63>  and  Drawing  A-31116  shows 
two  actual  griddle  surfaces.  Instead  of  being  flat,  the  surface  consists  of 
a  large  number  of  small  square  pockets  separated  by  narrow  ridges.  In  order 
to  form  a  dielectric  intc  thin  relatively  complicated  structure  it  was  decided 
first  to  press  the  nattern  into  soft  aluminum,  then  to  oxidize  the  surface  of 
the  aluminum  (anodization)  to  form  a  thin  dielectric  layer.  The  griddle  part 
of  the  surface  of  the  experimuntal  samples  shown  in  the  picture  is  a  circle  of 
one  inch  diameter,  while  the  outside  diameter  of  the  samples  is  1-3/8  inch. 

Procedure  Employed  to  Emboss  Aluminum  to  Form  a  Griddle  Structure 

The  first  step  in  the  process  is  the  preparation  of  the  aluminum 
to  be  embossed.  In  order  to  make  a  sample  of  the  size  shown  in  Drawing  A-31116, 
a  square  ^-by-4-inch  piece  of  aluminum  is  cut  from  l/4-ineh-thick  2S  aluminum 
sheet.  This  is  commercially  pure  aluminum,  having  only  0.8  percent  impurities , 
and  is  used  because  desirable  physical  characteristics  of  the  anodized  aluminum 
layer  can  be  obtained  only  through  using  as  pure  aluminum  as  possible.  Next, 
a  serial  number  for  identification  is  stamped  slightly  off-center  on  one  side 
of  the  square  of  aluminum.  Then  the  other  side  is  polished  on  a  buffing  wheel 
to  remove  scratches. 

The  actual  embossing  has  been  accomplished  with  a  die  made  according 
t.o  the  specification  of  Drawing  A-30908.  A  piece  of  1  /8-inch- thick  neoprene 
with  a  l^-inch-diaoeter  hole  In  its  center  is  placed  around  the  outside  of  the 
die  to  equalize  the  pressure  and  facilitate  stripping  of  the  embossed  sample 
from  the  die.  The  actual  thickness  of  this  neoprene  sheet  is  determined  by 
the  height  which  the  die  face  projects  above  the  surface  of  the  base.  The 
neoprene  should  be  slightly  thicker  than  this  height  so  that  the  pressure  is 
properly  equalized.  Pressure  for  the  embossing  has  been  provided  by  a  manual 
Olsen  testing  machine,  number  201  in  Room  1-210  at  M.  I„  T.  This  machine  pro¬ 
vides  a  maximum  force  of  compression  of  50,000  pounds. 

Before  being  placed  in  the  machine,  both  the  die  and  the  aluminum 
sample  are  well  lubricated  with  kerosene  to  prevent  excessive  sticking.  Then 
the  sample  is  placed  in  the  machine  on  top  of  a  heavy  steel  anvil  b  It  is 
covered  by  the  neoprene,  and  finally  the  die  is  placed  on  the  neoprene  with  die  face 
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projecting  downwards  through  the  hole  in  the  neoprene. 

The  pressure  is  then  slowly  applied  in  steps  to  allow  the  aluminum 
to  flow  adequately.  The  final  compression  allied  depends  "both  upon  the 
height  of  projection  of  the  die  face  above  the  body  of  the  die  and  upon  the 
desired  deoth  of  penetration  of  the  die  into  the  aluminum,  i.e.t  upon  the 
desired  griddle  pocket  depth.  Using  the  first  die  constructed,  whose  face 
projects  0.187  inches  above  the  base  as  shown  in  Drawing  A-30908,  it  was 
found  that  pocket  deaths  of  0.0014  to  0.0018  inch  could  be  obtained  with  & 
final  compression  force  of  40  to  *5  thousand  pounds.  At  least  ive  minutes 
should  be  allowed  to  bring  the  force  up  from  zero  to  this  value.  Then  the 
pressure  should  be  maintained  at  the  final  value  for  another  five  minutes 
to  allow  all  flow  to  cease  (as  evidenced  by  the  pressure  a  finally  reaching 
a  constant  equilibrium  value).  The  pressure  is  then  quickly  reduced  to 
zero  and  the  sample  and  die  removed.  During  most  of  the  embossing,  it  was 
found  that  the  thickness  of  the  neoprene  was  not  properly  adjusted  to  strip 
the  sample  from  the  die  by  itself.  Therefore,  samples  were  forced  free  of 
the  die  with  a  cold  chisel  and  hammer  when  necessary.  As  the  final  step  in 
the  forming  of  the  surface,  the  center  l~3/8-inch  diameter  circular  area 
containing  the  section  embossed  by  the  die  is  cut  out  on  a  lathe,  and  the 
sample  is  ready  for  the  first  step  in  the  anodizing  process. 

Recommended  Procedure  for  Embossing  a  g&-lnch- Square  Griddle  Surface 

Present  plans  indicate  that  the  final  storage  surface  used  may  be 
a  square  having  a  side  of  inches.  Nunu?r*>ua  difficulties  are  anticipated 
if  it  becomes  necessary  to  emboss  a  griddle  surface  of  this  size.  This  area 
is  approximately  15.6  tines  larger  than  that  of  the  sample  griddle  surfaces 
pressed  thus  far.  Single  proportion  shows  that  if  the  same  pressure  is 
required  for  the  embossing  of  the  larger  size  surface  as  has  been  used  for 
the  smaller  surfaces,  a  force  of  compression  of  approximately  620.000  pounds 
will  be  necessary. 

The  largest  testing  nr  chine  now  available  at  M.  I.  T.  has  a  capacity 
of  400,000  pounds.  This  machine  would  therefore  nrobably  be  inadequate  for 
pressing  Scinch  griddle  surfaces.  However,  Professor  Cowdrey,  of  the  Testing 
Materials  Section  of  the  M,  I.  T.  Department  of  Mechanical  Engineering,  has 
suggested  that  the  problem  of  embossing  these  large  samples  be  referred  to  one 
of  the  silver  companies  in  North  Attleboro,  Massachusetts,  which  normally  do 
a  large  amount  of  such  embossing.  Therefore,  if  the  need  does  arise  to  emboss 
samples  of  this  size,  this  suggestion  should  be  seriously  considered. 

The  Anodization  of  Aluminum 

Before  anodizing  is  begun,  each  sample  must  be  carefully  cleaned  to 
remove  dirt  and  grease.  After  washing  with  soap  and  water  and  rinsing  and 
drying  with  compressed  air,  the  sample  is  immersed  in  a  hot  aqueous  solution 
of  sodium  hydroxide  (4.7  by  weight)  for  about  two  minutes.  This  time  should 
be  rather  closely  controlled  since  longer  immersions  tend  to  form  a  dull  film 
on  the  aluminum.  After  thorough  rinsing  in  distilled  water,  the  sample  is 
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dipped  in  a  cold  solution  of  nitric  acid  (10#  by  weight)  for  about  four 
minutes  to  remove  any  remaining  metallic  impurities.  Finally,  the  sample 
is  removed  and  rinsed  in  distilled  water  again.  This  cycle  should  be 
repeated  several  times  until  the  sample  is  completely  clean. 

Anodizing  itself  is  carried  out  in  a  bath  consisting  of  three 
parts  by  weight  of  oxalic  acid  to  97  parts  of  distilled  water.  Both  the 
cleaning  and  anodizing  baths  are  fully  described  in  Reference  1,  Drawings 
A-31115  and  A-31117  show  a  picture  of  the  apparatus  used  for  anodizing. 

.he  anodizing  bath  is  contained  in  a  10-inch  glass  jar  surrounded  by  a 
12- inch  jar.  The  space  between  the  jars  is  kept  filled  with  water  or  ice 
por  temperature  control.  A  3/8-inch-diameter  aluminum  rod  is  used  as  a 
•cathode  during  the  process,  and  the  sample  itsolf  forms  the  anode.  A 
filtered  d~c  voltage  source  variable  between  zero  and  150  volts  with  a 
maximum  current  capacity  of  8  amperes  has  been  used  for  anodizing.  Drawing 
A-30909  shows  the  circuit  used  in  anodizing.  Provision  is  made  to  anodize 
four  samples  simultaneously.  The  four  wire-wound  rheostats,  shown  also  in 
Drawing  JU.jJ.llb4 ,  are  used  to  adjust  the  voltage  and  current  for  the  four 
samples  individually,  while  larger  variations  can  be  effected  by  adjusting 
the  output  voltage  of  the  power  supply. 

Griddle  samples  must  be  suspended  in  the  anodizing  bath  so  that 
their  entire  surface  is  immersed.  And,  for  proper  anodizing,  it  is  necessary 
that  the  material  which  suspends  them  in  the  solution  aleo  be  2S  aluminum. 

This  can  be  accomplished  by  screwing  a  length  of  0.10-inch-dlameter  2S  aluminum 
rod  into  a  threaded  hole  drilled  partially  through  the  back  of  the  sample. 

The  rod  must  be  screwed  into  the  hole  very  tightly  so  that  no  liouid  can  pene¬ 
trate  between  rod  and  sample  during  anodization. 

Two  separate  heat  treatments  should  be  given  the  griddle  samples 
to  be  used  in  an  evacuated  storage  tube.  First,  the  unanodized  sample  should 
be  heated  by  radio  frecuenev  induction  while  in  a  high  vacuum  to  remove 
occluded  gases  from  the  aluminum  itself.  Then,  after  anodization,  the  process 
should  be  repeated  to  drive  out  gases  held  in  the  anodized  layer.  The 
temperature  of  the  sample  should  never  exceed  400  to  5^000  during  this  process, 
to  avoid  crazing  caused  by  the  different  coefficients  of  expansion  of  aluminum 
and  aluminum  oxide. 

Pore  Sealing  Method^ 

Two  different  methods  have  been  used  to  close  the  infinitesimal  pores 
in  an  aluminum  oxide  surface.  In  the  first  of  these  methods  the  anodized  sample 
s  simply  boxled  in  distilled  water  for  an  hour.  This  process  partially  con¬ 
verts  the  amorphous  aluminum  oxide  to  aluminum  oxide  monohydrate  (AlgCK  .  R20) . 
The  addition  of  the  water  causes  the  ooro  walls  to  swell,  and  thereby  the  pores 
themselves  are  closed  or  at  least  reduced  in  size.  A  signal  disadvantage  of 
this  type  of  sealing  is  that  heat  treatment  in  a  vacuum  to  remove  occluded 
gases  also  removes  the  added  water.  Therefore,  the  sealing  is  destroyed  by 
such  heat  treatment. 
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The  electrolytic  sealing  method  described  in  Reference  1  does  not 
suffer  from  this  disadvantage.  The  electrolytic  bath  used  Is  16#  (by  weight) 
sodium  silicate  in  which  the  ratio  of  silica  to  soda  lies  in  the  range  from 
2„8!l  to  3.9; la  The  anodized  sample  is  made  the  anode  and  an  iron  rod  used 
as  the  cathode.  The  annlied  voltage  is  increased  from  zero  to  fifty  volts 
in  the  first  thirty  seconds.  The  exact  procedure  whereby  the  voltage  is 
further  increased  is  not  critical,.  The  following  technique  is  recommended 
for  its  simplicity .  The  vo?.tage  is  increased,  in  steps  of  about  twenty-five 
volts,  so  that  tho  current  density  immediately  before  an  increase  is  10  milli- 
amoeres/in.  or  less.  The  initial  current  density  upon  any  increase  may  be 
five  or  ten  times  greater  than  this,  but  it  rapidly  diminishes.  This  aeries 
of  increases  should  be  discontinued  upon  reaching  376  volts,  since  appreciably 
greater  voltages  cause  destructive  sparking  in  the  bath.  This  voltage  should 
be  maintained  until  the  current  density  has  drooped  to  about  1  milliampere/in.2 
Beyond  this  point  the  current  density  diminishes  very  slowly  and  the  sample 
may  be  removed.  The  entire  procedure  usually  takes  from  one  to  two  hours. 

In  the  electrolytic  method,  the  pores  are  partially  filled  up.  The 
current  causes  negative  silica  ions  to  migrate  to  the  anode  and  enter  the 
pores  of  the  aluminum  oxide  surface.  Some  of  the  silica  ions  form  aluminum 
silicate  while  others  probably  are  deposited  as  silica  in  the  pores.  This 
process  results  in  a  harder  finiehed  surface  which  is  more  resistant  to  acids 
and  abrasion  than  an  unsealed  surface;  and  the  fact  that  the  pores  are  partially 
filled  makes  the  surface  much  less  liquid  absorbent. 

Removal  of  the  Anodized  Laver 

In  order  to  make  measurements  of  the  thickness  of  anodized  layers, 
it  is  necessary  to  remove  the  layer  without  affecting  the  aluminum  beneath. 

The  following  solution  may  be  used  for  this  purpose;  35  cc  of  85#  phosphoric 
acid  and  20  grams  of  chromic  acid  are  mixed  with  enough  distilled  water  to 
make  a  liter.  During  removal  of  the  film,  the  sample  is  immersed  in  the 
bath,  which  should  be  kept  between  80  and  100°C  for  best  results.  The  time 
necessary  for  the  film  to  be  dissolved  is  roughly  proportional  to  the  thickness 
of  the  film  and  is  also  increased  by  electrolytic  sealing.  For  unsealed  film 
thicknesses  of  two  or  three  mils,  the  time  required  is  of  the  order  of  half  an 
hour.  During  the  process,  the  sample  should  be  frequently  removed,  rinsed, 
dried,  and  measured  with  an  ohm-meter  to  determine  the  oolnt  at  which  removal 
is  complete,.  At  this  point  the  resistance  between  two  points  on  the  surface 
of  the  sample  will  be  negligible,  whereas  there  will  be  appreciable  resistance 
as  long  as  any  film  remains. 

Actually ,  the  point  at  which  the  sample  is  taken  out  of  the  bath 
after  all  the  film  is  removed  is  not  critical,  since  the  bath  does  not  attack 
the  aluminum  to  any  extent.  This  was  determined  by  measuring  the  initial 
thickness  of  an  unanodized  aluminum  sample  with  a  micrometer^  than  boiling 
it  in  the  removal  bath  for  thirty  minutes.  Ho  change  in  thickness  could  be 
detected  with  the  micrometer. 

Since  the  chromic  acid  used  in  the  removal  bath  is  poisonous,  extreme 
care  should  be  used  in  handling  the  solution  when  hot,  so  that  none  of  the  fumes 
are  breathed  and  none  of  the  liquid  touches  the  person. 
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recommended  Procedure  for  Anodizing  a  3-1/2-Inch-Souarn  Griddle  Surface 

,  The  T)resent  experimental  anodizing  equipment  might  be  used  to  anodize 
0-1/2  inch-squa.ro  storage  surfaces,  but  such  use  would  be  very  inefficient . 
nly  one  such  sample  could  be  anodized  at  once  and  temperature  control  would  be 
rery  difficult «  Therefore,  if  mors  than  a  few  such  samples  were  required,  it 
wculcl  be  advisable  to  procure  a  larger  bath  container  and  an  electric  refrig¬ 
erating  unit0  Provision  should  be  made  to  anodize  several  samples  simultaneously 
in  the  bath  to  save  time. 

It  haa  been  found  that  maximum  film  thickness  consistent  with  film 
hardness  can  be  obtained  by  anodizing  at  a  constant  voltage  of  80  volte  in  a  355 
oxalic  acid  bath.  The  anodizing  current  required  at  constant  voltage  drops  off 
as  the  anodizing  progresses,  yet  even  the  average  current  necessary  for  a  single 
targe  griddle  sample  over  a  ten-hour  anodizing  period  would  be  of  the  order  of 
five  amperes.  Therefore,  an  average  of  1600  watts  would  be  dissipated  in  a  bath 
in  wh,.ch  four  samples  were  being  anodized,  and  a  d-c  power  aupoly  having  a 
maximum  capacity  of  ao  amperes  or  more  would  be  required. 

Written  by  Q. 

Approved  by _ ^  " _ 


References;  1.  Method  of  Protectively  Coating  Aluminum  or  Alpwirug 
J&l333L°  Bankin,  W.  X„  BroBsman,  JJU,  U.S. Patent? 
No.  2,161,636;  Issued  June  6,  1939. 

2 .  The  Preparation  and  Testing  of  Anodized  Aluminum 
Dielectric  Surface j.  Macdonald,  J.R.,  M.  I„  T„ 
Servomechanisms  Laboratory  Memorandum  No.  K-67. 
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Project  Whirlwind 
Servomechanisms  Laboratory 
Massachusetts  Institute  of  Technology 
Cambridge Q  Massachusetts 

SUBJECTS  STOgASB  TUBE  SECONDARY  ELECTRON  CONTROL  WITH  A  MAG^TIC  FIELD 
Written  by;  J,  Rosa  Macdonald 


Bates  October  16th,  1947 


Summary 

in  an  electrostatic  storage  tube,  some  control  over  the  redistribution 
of  secondary  electron/!  created  at  both  the  signal  grid  wires  and  at  tho  nu  ’faco 
of  the  dielectric  storage  layer  may  be  obtained  through  the  use  of  a  strong 
magnetic  field  oriented  perpendicular  to  the  storage  surface.*  Although  this 
type  of  control  Ms  been  investigated  theoretically  and  found  un suited  for  final 
use  in  a  storage  tubs,  it  may  bo  of  some  value  in  experimental  applications  where 
partial  control  of  secondary  electrons  is  necessary. 


Discussion 

.The  case  of  most  interest  is  that  of  negative  charging  of  tho  storage 
surface;  during  such  charging  the  signal  grid  is  negative  with  respect  to  >,Ue 
surface,  and  secondary  redistribution  la  greatest.**  Because  of  the  combined 
magnetic  and  electric  fields,  {secondary  el  act  rone  emitted  by  the  Incident  elect** 
tron  beam  follow  helical  Tilths  of  decreasing  pitch  as  they  travel  away  from  tho 
surface  against  the  opposing  electric  field  of  the  signal  grid  (see  Drawing 
A-30913) .  When  the  initial  kinetic  energy  of  the  secondaries  has  been  entirely 
converted  into  potential  energy t  the  electrons  start  back  towards  the  surface , 
again,  following  helical  paths «  Since  the  helix  followed  by  each  electron  is 
tangent  to  the  normal  to  Ihe  surface  at  the  point  of  origin,  the  maximum  dis¬ 
tance  between  the  point  a  I  which  a  returning  electron  may  strike  the  surface 

*  Eef o  1,  PP  62  -  64 

••  Ref.  2,  pp  17  -  18 


and  its  point  of  origin  is  given  "by  the  diameter  of  the  helix  which  is  followed 

(neglecting  the  effect  of  nearby  charged  areas  on  the  surface) , 
v0  sin  0 

rmax  s  s  (rn/o)- — — — -  where  e  and  m  are  the  charge  and  mass,  respectively, 

Bz 

of  the  electron;  B->  is  the  magnetic  flux  density;  Vo,  the  initial  sneed  of 
the  electron  under  consideration;  and  0,  the  angle  which  the  initial  velocity 
vector  makes  with  the  normal  to  the  surface-  at  the  point  of  origin  „  From  this 
formula  it  can  be  seen  that  increasing  the  magnitude  of  ®a  decreases  the  rmx« 
inrum  redistribution  distance, 

Actually,  however,  for  those  cases  in  which  a  secondary  electron 
completes  leas  than  one-half  a  helical  revolution  before  returning  to  the  sur¬ 
face,  a  redistribution  distance  less  than  the  above  maximum  distance  would 
apply o  The  ratio  of  the  redistribution  distance,  r^»  (which  applies  for  any 
number  of  revolutions  or  fractions  of  a  revolution)  to  the  distance  an  electron 

would  travel  before  striking  the  surface  in  the  absence  of  a  magnetic  field, 

*w  -i  v  Bz 

rO0  is,  as  shorn  in  the  appendix!  —“Hi  sinl  — M  where  Ri  =  •— ~~  and 

r0  \Rl  /  v0Ki)r7 

Ez  and  v0B  are  as  shown  in  the  drawing.  As,  shown  in  the  appendix,  this  ratio 
reduces  correctly  to  one  in  the  limits  of  infinite  electric  field,  or  aero 
magnetic  field,  or  angles  of  electron  emission  of  0  and  SO  degrees  from  the 
normal  to  the  surface.  On  the  other  hand,  this  ratio  reduces  to  Rp  alone  for 
those  cases  where  the  secondary  electron  completes  more  than  a  half  revolution 
before  being  forced  back  to  the  surface .  It  is  desired  to  make  the  ratio  rn/i’o 
as  snail  ae  practical  in  order  to  reduce  the  redistribution  distance  to  a 
minimum.  However,  the  ratio  cannot  be  held  less  than  one  for  all  angles  of 
secondary  emission  since  it  approaches  one  as  0  goes  to  90  degrees.  Sine© 
most  electrons  are  omitted  at  angles  close  to  the  normal,  tve  redistribution 
distance  may  be  decreased  for  the  majority  of  the  secondary  electrons  by  using 


***  Ref.  3,  pp  42,  44. 
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such  a  value  of  magnetic  field  strength  that  the  ratio  rH/r0  is  considerably 
less  than  one  in  the  range  0^k?Q°o  For  the  electric  field  conditions  in 
an  electrostatic  storage  tuts,  however,,  the  value  of  magnetic  field  strength 
required  to  effect  a  worthwhile  reduction  la  redistribution  distance  is 
inordinately  high,  As  shown  in  the  apnendix,  a  magnetic  flux  density  of 
8000  gauss  would  he  required  to  reduce  the  redistribution  distance  by  a  factor 
of  ten  at  a  value  of  0  of  30  degrees  and  at  normal  storage  tube  electric  field 
conditions, >  So  great  a  magnetic  flux  density  is  entirely  out  of  the  question 
for  storage  tube  use.  However „  in.  cases  where  the  electric  field,  BSo  at  the 
emission  surface  was  much  lower  than  it  ic  in  a  storage  tube,  the  ratio  r^/r 0 
could  be  maintained  less  than  one  over  the  range  O<0<7O°  with  a  much  smaller 
magnetic  flux  density.  In  such  cases ,  magnetic  control  of  secondary  electrons 
might  be  a  practical  method  of  control 6 


iW 


B 


It  is  desired  tc  compare  'oho  maximum  secondary  electron  redistribution 
distance  v.ith  nn  aorlied  magnetic  field  to  the  redistribution  distance  without 
a  magnetic  field.  A  diagram  showing  the  motion  of  a  secondary  electron  liber¬ 
ated  at  the  storage  surface  und^r  the  influence  of  the  magnetic  field,  Bar  i.c 
given  in  Drawing  A-3091?o  The  magnetic  and  electric  field  vectors  and  the 
initial  electron  velocity,  v0,  can  be  written  as  follower 

\  =  0*ix  -*  O-iy  1  Bziz 
%  “  0,ix  {  °’iy  f  ^?Az 
V0  -  0*ix  f  voyiy  +  V0ziz 

The  parametric  equations  of  the  helical  path  followed,  hy  a  secondary 
electron  emitted  at  the  point  0  with  initial  velocity  v0  are  easily  calculated 
from  F  ”  ma  “  »e  (7  x  Ba)|  whore  e  is  the  (numerical)  charge  on  the  elec¬ 


tron,  m  its  mass,  and  v  ito  velocity,,  These  equations  ares 


x  s  _2Z.  (i~  cos  K-,  t) 
21 


y  s  I2Z  (  sin  Kit) 
K1 


K, 


Kp  p 


*1  ~ 
K2  B 


qB2 

=-oE, 


m 


dz 


After  leaving  the  surface  at  0  and  traveling  outward  until  ^  *  0,  the 
electron  starts  hack  toward  the  surface ,  which  it  reaches  when  s  =  0,  Let  the 


total  time  necessary  for  the  Journey  he  t0,  then? 


K 


s  =  0  s 


•  t  -  2voz  -  (2ml  I°S. 
.  .  t0  -  -  - - *  = 


—  t02  |  v0!!t0  t0  ^  0 


Low,  let  ths  time  necessary  for  an  electron  to  complete  a  half 


innirii  rml la- i..-.. 
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revolution  of  the  helix  'be  tj?  A  half  revolution  will  he  completed  when  x  ” 


3Waun*  Therefores  x  "  %u 


'oy 


2v. 


Ki 


<1-008  Xltj 


oy 


—  and:  co(3  “  •»!  „ 


%%  ™  (2n~l)TT»  where  a  “  1,  2,  3 


nor-  o  c 


For  the  first  half  revolution,  n.  ”  i» 

Tj  „„  Jt  m 

Kl~  ~ 


Therefore? 


U1 


cB„ 


ta  rs\  /  vA _3  \ 

then?  r~  -  fep-)  (-fS-=4 

h  \ir  /  \  s«  / 


a  How,  define  the  ratio 


V  I) 

vOS"  ?. 


-as  I.j 


Finally 


t0  2 

tl  ^  “ 

How,  if  no  magnetic  field  had  been  applied,  the  parametric  equations  of  the 
path  of  a  oecondary  electron  with  its  initial  velocity  in  the  yz  plane  would 
bo:  x  K  0 


7  S  loy* 

E2  p 

*  a  ~  “  W 


And  the  maximum  excursion  pf  the  electron  upon  striking  the  surface,  r0,  would 

..  .  - 

te;  r0  "  ?mx  ~  vcyto  -  \"e  /  y  e7~“ 

44  / 


In  order  to  compare  the  maximum  excursions  with  and  without  the  o polled 


magnetic  field,  two  cages  must  be  distinguished,  depending  upon  the  angle  of 
secondary  emission,  0,  and  the  number  of  revolutions  mads  under  the  influence 
of  the  magnetic  field*  A  returning  electron  under  the  influence  of  magnetic 
field  can  strike  the  surface  at  ft  maximum  distance  rg  from  its  point  of  origin; 
which  equals:  [x^-f-  ysj  ^  at  t  «  tc 


“O  o 


Therefore,  rg 


■2.  Qu-c 

K1 


( 1-cos  Kj  t0j|s  = 


2v. 


oy  (Kito) 


Bin 


Sine® 


1 1 


r  h 


5T  ana  *x  B  Tp 


x,o 


;Li  i  \ 


b  ■■■'- 


ai.mij.il, to,., 
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Hence , 


ein  S  tt 


fh.  8 


The  laekximm  excursions  of  a  eocoatiEtry  cl  natron  ulth  xn&  without  a 
magnetic  field  can  ho  connared  by  taking  tile  ratio  of  ra  to  r0„ 


sin  --  Z  a in 


voy^o 


?1  -  1 
- -  Ri  tjin  {  — 


%%  * 


gi 

'■•here  Rn  ~ - 

voy®s 


Vo9z  C-0  8 


It  can  now  bo  oeen  that  the  ratio  R-)  alone  ser?03  to  determine 
under  what  conditions  the  amplication  of  a  magnetic  field  will  reduce  the 
ratio  rv/i*0  below  one«  The  meaning  of  the  formula  for  rH/r0  can  be  best 
understood  by  considering  two  limiting  caeooi 


Cage  I; 


±—.<<1. 


Since  “<Vl, 
Hi 


irt0 

2t^ 


*«  1  a“d  V<fcl 


Therefore.,  the  electron  completes  much  less  tlian  a  half  revolution  before 
returning  to  the  surface.  Because  <  1 ,  sin  can  be  exoroxiEr-tod 


rn  !  “A  i 

Then  —  -  —  R]_  sin  —  R, .  ~  if 

p  Tt  «*•  r» 


Theref ore r  in  this 


limiting  case,  the  application  of  a  magnetic  field  does  not  decrease  the 
excursion  of  a  secondary  olectron  at  all.  This  case  le  satisfied  when 


X  coo  0 

~~  J.  v0— -r — c—  Bz<:  <  1„  It  can  thus  be  seen  that,  the  magnetic  field 
K1  ^ 

makes  no  difference  if  3,.  is  large,  and/or  v_,  cos  0,  and  3„  are  small.  No 


iMn-'iwaaia 


magnetic  field  in  applied,  thera  is  sin  mission  angle 


matter  hov  strong 


$,  sufficiently  close  to  90  degrees  that,  electrons  emitted 


will  ba  unaffected  by  the  field.  From  the  form  of  rH  and  i-(|S  both  of  which. 

contain  v„  sin  0  in  the  dancminator,  it  can  be  ns  on  that  ;ho  naxiaura 
cy  o  r 

redistribution  distance  ie  zero  with  or  without  a  magnetic  field  when  0  r-  0 


and  the  electron  leaver,  the  surface  normally 


and  an  electron  completes  a  half  revolution 


or  mors  before  striking  the  aurfaco.  flow  electrons  which  complete  more  thru 


a  half  revolution  can  strike  the  surface)  anywhere  within  circles  of  radius 


around  their  points  of  origin,,  depending  upon  the  value  of  tho 


in  rjj„  Therefore,  in  order  to  compare  the  maxi  mum 


sine  function  a  in 


distance  which  any  electrons  can  travel  under  the  influence  of  th6  magnets. 


fi^ld,  the  sine  function  must  he  discarded 


ihan  one  in  this  limiting  case,  the  application  of  a 


Since 


magnetic  field  does  decrease  the  oszlsua  redistribution  distance. 

It  is  of  interest  to  compute  tho  value  of  Bz  necessary  to  offset 
a  decrease  in  the  redistribution  distance  of  10  tines  at.  an  emission  angle 
of  .'<0°.  %  is  then  l/lO* 

v.  cos  © 

0  T| 

Therefore.  10  a - - - -  °z 


flow  if  Ez  is  in  volte /cm  and  v0  in  cm/sec,  Bz  must  be 


sed  in  units  of  wober/cm2.  But  1  weber/cm2  equals  10°  gauss 


Jnrwohg 
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.ftjnpliflar  for  Storage  Tub©  Deflection  Circuits  Drawing-  13*30339 
Engineering  Ho  ben  Eos*  31  and  33 
February  20,  1947 

Certain  circuits  under  consider at Ion  for  generating  deflection 
voltages  for  electrostatic  storage  ti>os  are  baeleolly  lev- voltage,  low- 
power  decoders  These  circuits,  the  afore,  met  bo  followed  by  highly 
stabilised  amplifier n  which  have  n  high  input  impedance,  lo%r  output  impedance, 
gala  In  the  range  of  10  to  100,  peak  output  of  about  300  volt®  balanced  to 
ground,  and  frequency  roeponae  cub at ant I ally  flat  from  0  to  2  megacycles  par 
second  when  loaded* 

One  amplifier  has  boon  built  end  tested  in  the  laboratory  with 
the  object  of  investigating  tbs  suitability  of  type  4D32  tube o  for  the  output 
stage  end.  Incidentally,  of  testing  »  partial?  ax  type  of  circuit  for  the  out¬ 
put  end  driver  stage* 

Drawing  Eo*  B--3C3  i9  Is  a  scheoat  .c  of  the  circuit  used*  Design 
was  carried  out  on  the  basis  o  ’  a  number  of  e  itlmatu*;,  particularly  concerning 
the  performance  of  616  tube®  w:  th  foo&back  tc  the  ecroono.  With  a  load  of 
160  micromicrofarads  from  each  plate  to  grown  i.  and  20  micro  micro  farads  from 
plato-to-plate,  the  *ntlmnted  ’©  sponge  to  a  o1  ;ep  function  in  3  if  2  micro  seconds 
rise  time  from  acre  to  99*9$  o  '  the  output  a  plitu.de *  Ur,©  all®  peak  output  v/<m 
estimated  to  be  200  volts  plat  i -bo-plate* 

Toots  with  a  dummy  load  of  opt;  .’oximatoly  180  ml  ore  micro  farads 
from  oath  plate  to  ground  and  ap  roxlmatei;  40  microstore- farade-  from  plate* to- 
plat©  ehowod  that  the  actual  rls:  time  of  ;he  output  was  not  more  that.  3 
microseconds  from  0  to  as  near  10  *$5  as  co  i Id  be  measured  on  a  DuMont  Type  208 
Oeoillosoope  when  an  (approximate!}  square  save  with  a  rise  time  of  less  than 
0*2  microsecond  (derived  from  the  slrcuit  described  in  Engineering  Notes  Ho* 
B33)  was  applied  to  the  input* 

Gain  at  zero  frequency  measured  (approximately  6*6  for  small  In¬ 
put  voltages*  At  20  ko  the  gain  n'»  -,sured  ol  o  it  6*6  when  the  output  voltage 
was  approximately  150  volts,  pea'  ><t  .-peak,  Ida,  measured  on  a  100  kc  square 
wave  was  also  approximately  6*5  h«  i  th©  out,  vtb  voltage  was  approximately 
160  volts  peok-to-pesk.  Feedbaoc  /  ictor  coul  \  not  be  measured  directly,  but 
indirect  measurements  indicated  thr  ;  th©  circ.  1  .  had  between  ten  and  eleven 
db  of  negative  feedback* 

Linearity  on  do  deflection®  wae  ;  v  r-~eppai*©ntly  much  wore® 
than  or  a  30  ko  cine-wave*  This  ie  probably  6;  t  to  change  of  resistance  with 
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lo,i 5.  o-z  ;;ho  plate  load  roeUtor*  In  tha  driving  stage,  rdnco,  with  *  d~<i 
difference  of  ISO  volts  plat c-bo-plato  at  the  output,,  the  difference  in 
heat in.,'?  of  the  two  reeletore  wan  noticeable,.  Jlpprox5.r..ately  ~ ; 50  yol uu 
output Ipeefe-te^poak)  was  obtained  at  20  ico  without  serlau*  o.opartnxe  ' . « 
linear  operation.  It  3. a  believed  that,  ho  at  of  the  nonlinearity  arise*  « 
the  driving  stag®,  aic.ce  the  plats  ch:.u‘aotoristlcs  of  the  output^  tube 
a  vkU  onto  ‘that  at  least-  300  volts  peaJc.-to~-pe.sfc  output  should  Is  obtainable 
ao3.'osi3  the  load  resistance  used  la  this  amplifier  with  ho  serious  uapBXtWP© 
from  line  as*  operation# 

An  was  expected,  som  difflcolty  was  experienced  with  oscillations 
la  the  amplifier*  She  fir  at  type  encountered  *fae  a  parasitic  of  very  Mp 
frequency  which  appeared  when  a  driving  oourco  was  connected  to  the  input, 

»ds  .«SU#tt»  i«  ««»•»  «»  V  »W.ion  cl  47, o-ol-m  *•«•*«»»  « 

each,  grid  of  4h»  616  input,  stogan.  A  ndUlea.um  uiunh  tacrffuBt.-  .  f  : 

Mgattw  MW  «a#o  i»trodao#d  .  ptaw-sMrt  .mUUUm  1«H»W  «• 

feedback  circuit#  An  attempt  was  made  to  correct  she  phase** ah.-. it  'hc.-und  xL 

{0(m  Ue(S  of  shunt  peaicing  in.  the  6Y6  plat® a  and.  capacitive  compensator 

Of  the  feedback  voltage  divider#  It  was  found,  however,,  that  the 

could  not  be  reduced  below  about  15  volte  amplitude  in  this 

decided  to  reduce  the  high  frequency,  response  of  the  ::  eedbaok  ilvidtor  b„ 

•adding  enough  capacitance  from  the  screen  of  eaon  oft  to  ground  -o  g-*e  b^ij 
amplifier  operation#  S&ls  attempt  wao  esacceasftolo  Ah®  capacitance  waa  ' 
at  the  lowest  value  which  gave  stable  amplification,,  xhic  vjeuvm*  &•  vet.  • 
beat  rise  time  available  from  the  amplifier  ao  now  built,  but  there  U  *»»>® 
tendency  for  the  amplifier  to  put  overshoots  on  fasWlnlng  or  falling  w,<j- 

front  a# 

Wire-wound  resistors  were  used  throughout  the  amplifier  except  a.or 
Vhe  gridlock  resistors  on  the  input  and  the  cathode  reel  a  tor  on  the  outpu, 
stage!#  Sc  wire-wound  resistor  dlaoipated  more  then  1/3  r&tou  power,  bu..  h 
heatlnp  was  still  excessive#  It  appear*  that  wire-wound  resistors  -or  *>» 
application  such  as  this  must  be  run  below  s&out  l/b  of  their  nominal  z&t&x. 
dissipation  if  change  of  resistance  due  to  heating  is  to  be  avoxdea#  Jhc 
real  store  need  for  the  plate  load  of  the  4D33  output  stage  were  ncn-lnddcUee 
meter-testing  resistors  manufactured  by  the  States  Oonpaay.  haoh  loau  oou- 
slated  of  a  1/3  ampere  resistor  la  series  with  a  one  ampere  resistor  no 
tho  Uniting  rating  of  the  combination  was  one-half  ampere#  So  apprec..ab  & 
heating  was  observed  la  those  resistors  at  eay.  time# 

He suits  obtained  with  this  amplifier  indicate  that  a  design  suitable 
for  driving  at  least  tea  electrostatic  storage  tubes  in  parallel  can  »o 
developed  using  type  43JSS3  output  tubes#  A  design  using  a  tn.be  each  ao  *h® 

SAG?  in  the  input  stage  and  a  cathode-follower  intermediate  stage  to  i.  j*  i4> 
4P33  gride  probably  cen  reach  a  gain  v£  five  for  the  amplifier  with  gx  • 
linearity  and  as  reach  as  ten  db  of  negative  feedback. 
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lo  Purpose  of  Sotos 


Work  in  proceeding  on'  ooffta9.ru  anp.octs  of  the  problem  of  pro  I'M  lag 
deflection  volts  ago  circuits »  for  electrostatic  storage  tubes-.  This  Memorandum 
la  intended  only  Informally  Iso  present  Ideas  which  axe  now  being  followed,.  Wo 
should  ho  far  enough  along  'iso  permit,  a  formal  report  to  b;>  loaned  by  March  31c 
Progress  An  the  interim  will  he  covered  by  further  Memoranda.  or  Engineering 
Ho  tore  Comments  and  suggestions  axe  invited. 


n.  Baelo  Assumptions 


In  order  to  carry  out  the  do  sign,  analysis,,  and  evaluation  of 
circuits,  it  in  necessary  either  to  know  or  to  resume  characteristics  of. input 
stimuli  to  he  supplied  to  the  circuits  and  output  voltage  a  roquirod  to  ha  pro¬ 
duced  as  well  'ao  impedance  levels  at  input  and  output  turs&nalso  '£h»  follov/lp 
specifications  haw  been  assumed  for  the  work  now  in  progress. 


Parallel  digit  transmission  will  ho  used. 

Only  the  a-c  component  of  voltage  on  bus  in 
eignif leant. 

Signal  will  consist  of  five  c coincident  approxi¬ 
mately  rectangular  pulses  whose  amplitude  is 
bat ween  ten  and  twenty  volts)  and  whose  duration 
may  ho  from  0,1  to  0,35  microsecond. 

Input  impedance  of  deflection  circuit  decoder  must 
'bo  high  in  order  to  avoid  loading  signal  has. 


The  lead  will  consist  of  approximately  540  eatko&*> 
ray  taboo  using  electrostatic  deflections 


2)  Balanced  deflection  voltages  will  be  ^required 


3)  Each  deflection  plate  pair  will  have  a  maximum 
direct  capacity  of  two  micro  micro  farad®  from 
plato-tc opiate  sad  seven  micromlcrofara&Q  from 


X 
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oac h  plate  to  ground®  Methods  of  connecting 
tubes  together  are  discus  wed  bBlpw* 

4}  Deflection  factor  will  he  from  50  to  100  volt  a/ inch 
Maximum  deflection  of  about  3-1/2  inches  is 
expected..  Computations  have  boon  baaed  on  a  figure 
of  3C2  inches  maximum  deflection  with  a  deflection 
sensitivity  of  100  volt s/ inch 

5)  Circuits  ai*0  assumed  to  bo  required  to  produce 
33  distinct  values  of  deflection  voltage  in  each 
coordinate  ( ao rra erpondi ag  to  .1034  positions  of 
beam  on  target )  from  plato-to-’plat®0  Zero  volts 
plate- tc-plate  nay  or  may  not  be  included  am  one 
value;  „ 

5)  It  is  asaumed  that  satisfactory  storage  operation 
will  result  if  the  extreme  long- time  variation  in 
the  position  of  any  particular  apot  from  it  is  nominal 
position  does  not  exceed  i/2$S  of  the  length  of  a  lino 
<m  the  storage  surface  and.  if  the  successive 
deflections  of  the  spot  to  any  storage  location 
each  fall  ;:lthln  l/4$  of  the  length  of  a  line®  A 
i;  £$  varis  iloa  in  length  of  a  lino  in  aaBumod'  to  bo 
tolerable® 

'(!}  An  Interva  of  3  microseconds  from  the  time  a  1 

storage  on  or  appears  on  the  computer  bus  Is  allowed 
for  the  os!  ioliehmont  of  the  dofflefetion  potentials,. 
This  means  ;hat  this  time  constant  off  any  transients 
Involved  an:  it  bo  about  0„3  micro ascend  or  less  if 
1  aicrosoco  >.d  is  allowed  for  operation  of  the  switch 
ascoclatod  dth  the  decoder®  .Actually,  if  tho 
switch  In  1  icorporated  in  the  decoder,  only 
1/3  micro  se  ton'd  or  loss  will  bo  needed  for  switch 
operation® 

8) -  So  consider  tion  has  been  given  to  the  change:  In 

deflection  actor  which  may  result  from  changing 
potentials  a  tho  storage  assembly  for  reading  and 
•art ting#  I  has  been  assumed  further  that  shielding 
adequate  to  redne®  the  do:tleotion  of  the  began 
by  stray  el  otrlc  and  magnetic  fields  to  negligible 
proportion «  will  b®  employed® 

9)  Deflection  otenti&Ls  established  by  one  storage 
oi’doir  will  i  3  maintained  until  the  next  storage 
ordwr  i®  roc  aived  by  the  decoder „ 

10)  Storage  tuby  \\  will  bo  mounted  on  6  inch  canters® 

■  Storage  tab)  bank  will  bo  about  30  fo©t  long  by 
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8  .feet;  high, 


111,, _ Qonmootlon  of  Deflect-ion  Plateo 


It  would  To <&  highly  desirable  to  hav®  corret- ponding  deflection  plates? 
of  all  tube  a  in  the  bank  connected  in  parallel  and  driven  from  on®  source,  Thi§ 
nay  be  dona  in  two  ways.  If  tube  connections  are  grouped,  ©o  that  the  tubes  are 
connected  together  by  many  short  length©  of  cable  fed  in  parallel,  the  propo- 
gat  ion  tiiao  in  the  cable  can  bo  neglected  and  the  loud  treated  as  a  pure  lumped 
capacitance.  If,  however,  the  tubes  arc  tied  is  at  cal for®  intervals  on.  a 
single  length  of  cable,  the  resulting  time  of  propagation,  from  one  sM  to  the 
other  may  not  be  neglected,  The  cable  can  then  be  terminated  in  its  characteristic 
impedance  and  the  load  treated  us  an  approximately  pure  resistance.  Because  of 
the  largo  amount  of  connecting  conductor  required,  it  will  probably  be  necessary 
to  use  shielded  cable  for  connections.  Shielded,  balanced*  twe®wlr»  lias  might 
isppoar  desirable;  however,  the  available  types  of  such  cable  are  low-imp a&anc© 
hi gfa-' c ap no i ty  lines,  rJ?he  use  cut  two  separate  co^aaclsl  cables  for  each  group 
of  pairs  of  plates  asorad  indicated. 


pedance 


r 


of 


f  RG63/U  cable  (93 -t\ t  13-B  pp-f/ft)  is  used,,  the-  character! ©tic  im® 
the  loaded  cable  will  bo  about  67-<i~and  the  delay  in  the  cable 


connecting  640  tubes  will  bo  about  ,64  micro  second.  If  HS63/U  cable  (2.36-fL0 
10  ppf/ ft )  la  used,  the  characteristic  impedance  of  the  loaded  cablo  will  bs>' 
about  70 XL  and  the  delay  will  b®  about  0P71  micro second.  Using  connection©  such 
that  the  line  is  uatorminatod  and  the  lead  is  a  pure  capacitance,  connection 
with  11063/ U  will  give  a  total  capacity  for  both  tuba  and  csblo  about  ,0X3  to 
,013  microfarad  from  each  input;  terminal  to  ground.  Connection  with  RG63/U 
would  result  in  a  slightly  smaller  total  capacity,  poosibly  a  total  figure  of 
oOll  to  .013  micro  farad,-,  f  hi  a  indicates  that  in  order  to  get  the  time  constant 
of  0,3  microsecond  or  less  which  we  require,  the  driving  source  must  have  a 
reel  stance  of  about  30  phm&. 


t  It  has  bean  suggested  that  -the  lino  nay  bo  terminated  'by  a  resistaao© 

equal  to  the  char det eristic  imp® dance  of  the  line  in  sorieo  with  a  capacitor 
large  enough  to  give  a  time-constant  for  the  combination  several  times  as  long, 
as  the  delay  in  the  line.  She  capacitor  may  bo  shunted  by  a  resistor  several " 
times  as  large  ati  the  characteristic  ierpedanco  of  the  line.  Such  a  termination, 
would  allow  the  use  of  large  peak  currents  to  charge  the  line,  and  lower  steady 
currents  to  maintain  the  potential,  ones  it  is  established,  allowing  somewhat 
smaller  Ui.be®  to  bis  used  ia  the  driving  amplifier. 


Practicability  of  designing 
voltages  across  a  resistance  as  low  aa 
figure  of  70  chat©  (terminated  lias)  is 
each  aide  of  ground  muet  ba  developed, 
can  supply  a  current  of  over  2  atsperao 
advantageous  to  split  the  storage  bank 
set  up  potentials  to  drive  a  number  cf 
a  flection  of  the  storage  bank.. 


circuits  to  produce  the  required 
20  ohm  is  open  to  question.  Even  the 
low,  since,,  if  a  voltage  of  150  volts 
tills  will  require  control  tubes  which 
continuously.  It  may,  ^therefore,  be 
into  soot ions,  using  one  decoder  to 
amplifier  is,  each  of  which  in  turn  drive o 
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■ikcocuir  Circuits  Under  Can  aide  x  at  lea 


Th®  following  decoding  ocheu*©»4  Hated  la  order  of  probable  .merit  t 
are  now  under  consideration? 


9 


i 


A*  Binary  Wolghuvcl  foliage  Dirider 


®aia  type  of  circuit  is  represented  in  a  simple  form  on 
Brewing  i'Jcu  B*30333e  Immediately  after  the  receipt  of  a  reset 


pulse  on  the  reset  lias,  all  the  .flip-flops  are  conducting  on 
the  1.  side  and  cutoff  on  the  0  side.  She  gride  of  switch 
triad©®  VIC  72,  73.  74,  and  V5r  are  each  tied  to  the  0  ci.de  of 
their  oorreoponding  flip»fXop(Bc  Plate- supply  voltages  of  the 
flip-flop  ;.i  and  twitch  trio  dee  are  bo  arranged  that  the 
o at he do c  of  all  tried© »  will  ho  at  or  slightly  above  ground* 

Shi  a  put  a  the  catho&o  of  each  crystal  diode  at  or  slight}., y  above 
dto  mo  do  so  that  negligible  current  flows  through  the  diodes* 
The  voltage  at  tluj  output  terminal  is  then  soro*  When-  pulse  a 
representing  a  h to rag©  position  are  received  on  the  input*  linos  t 
the  flip-flops  which  get  a  positive  pulse  will  awitch  no  that 
the  1  aid©  1b  cutoff  and  the  0  side  conduct tu  Ehls  lowers  the 
grids  of  the  corresponding  switch  tried© 9,  allowing  their 
associated  diodes  to  conduct  and  turning  off  plate  current  in 
the  tried© is o  Resistances  12,  S3,  ltd,,  85,  and  36,.  arc  'arranged 
so  that,,  for  oqttsl  voltages  acre  so  each.  resistance  and  its 
associated  crystal  diode,;  they  draw  current a>  whose  ratios 
are  ij2s4?85't6a  If  El  S.«  very  small  compared  to  the  combined 
ro  si  stance  of  B2t  E3,  E4,  SS„  and  33,  in  parallel,,  the  voltage 
at.  the  output  will  be  proportional,  to  the  binary  number  input 
within  0,  fraction  of  one  per  cento 


As  shown,  the  circuit  is  capable  of  producing  a  peak  out¬ 
put  of  about  1*1 /'S  volts.,  I'M 5i  figure  probably  cm  bo  in* 
creased  considerably,  perhaps  by  a  factor  of  ten,  by.  using  3, 
cathode  follower  whose  grid  da  tied  tc  the  output  line  to 
adjust  the  voltage  aero  so  th»  enrr sat~4e  terminlng  re  sS.  store* 
Amplification  will  still  be  required  to  gat  sufficient  peak 
voltage  and  to  match  the  high  impedance  decoder  to  tins  low 
impedance  load.,  drift  in  value  among  the  V£vrlou3  resistor© 
may  Introduce)  serious  dlf£loultisn0  Balanced  output  can  bo 
secured  by  simply  adding  another  set  o  f  switch  triads  a,  diodes, 
and  resistors,  controlling  -the  tried© a  in  the  second  net  from 
the  opposite  side  of  the  came  sat  of  flip-flop  Bo 


B* _ Yoltaga*3sgulg.tor  Type  Decoder 


A  schematic  of  this  olrcuit  is.  sfcqwn  on  Drawing  B-30330* 
The  name  la  ohoosa  bsoaaae  of  the  similarity’ between  the 
circuit  and  a  conventional  aeries  dropping  tub©  type  of 

regulator*  On  the  diagram  the  beam  power  tc  tried©  71  3.®  the 


r-fera,„.  w.  A- 
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Borieu  dropping  tube,  ¥2  :U;  connected  as  a  variable  chant 
conductance  aero  a  1?  the  output  bo  that  the  fail  time  ox  the 


output  voltage  will  do  more  nearly  equal  to  the  rS.co  tima* 
73  ip.  an  amplifier  invertor  tubs  to  drive  the  gild  of  V‘L 
ffho  signal  at  the  grid,  of  ’v'C'i  ia  a  fraction  of  the.  voltage 
bet-aeon  the  cathode  of  71,  which  la  tho  output  terminal , ' 
sad  &  precisely  regulated  constant  negative  voltage  -51  ; 

°°i 

Rfa  and  one  of  the  resistances  SS  through  R3?  dot ermine  tho 
size  0?  the  fructlon»  If  a  large  fraction  of  the  vo,U;ag© 


across  the  divider  is  fed  hack  to  the  grid  of  73,  the  output 
voltage  will  ho  lew,  while  a  smaller  .feedback  fraction  causes 
VI  to  conduct  more  so  that  the  output  voltage  As*  higher# 

Oho loo  between  the  various  upper  lege  of  the  voltage  divider 
la  obtained  through  diode  (switches  composed  of  ¥4,  V3G,  and 


768 ,  or  VS,  V37*  end  769,  etc* 


Potential.  3  ere  arranged  bo  that  when  the  trio  do  of  any 
switch  is  turned  on  and  all  other  trio  lies  are  turned  off 
the  lower  diode  (on  the  schematic)  associated  with  the  tried'.', 
will  be  biased  off  while  the  upper  conducts#  If  tho  sum  of 
the  drops  across  B6  and  the  resistor  C U>  ■  B37)  an co elated 
with  the  conducting  diode  are  large  compared  to  tho  drop 
acre  a a  tho  diode,  tho  output  will  then  b©  almost  completely 
independent  of  tu.be  characteristics,, 

Aa  shown  on  33 r awing  No#  B~3D330r  the  circuit  hue  only 
one  stage  of  amplification  In  tho  foodback  loop#  A  thr»e«« 
stage  amplifier  may  b®  required  to  secure  sufficient  gain, 
but  will  greatly  increase  the  difficulty  In  eliminating 
oscillations  duo  to  phase*' shift  around  the  loop#  Adaptation 
of  the  circuit  for  balanced  operation  requires  tho  addition  ’ 
of  another  complete  set  of  control  and  switch  tubes  only, 
the  same  flip-flops  and  33*»po  attic:*.  Input  switch  serving 
for  both  seta#  Balanced  operation  will  materially  lessen 
tho  difficulty  of  achieving  sufficient  regulation  on  tbe 
positive  and  negative  power  supplies  for  the  system* 

Difficulties  expected  to  arise  in  thia  type  of  circuit 
arc  chiefly  tho  phase- shift  oscillations  mentioned  above  and 
change  of  resistance  values  with  ago  and  temperature* 

Go  0 arricr  Type  Do coder 


Drawing  31-30331  is  a  schematic  for  the  elementary  form 
of  this  cirouitn  A  high-frequency  (10-30  me)  carrier  of 
conet  ant  amplltnds  is  generated  by  the  R.P*  generator,  The 
oarrlor  is  fed  thorough  aa  amplifier  whose  gain  is  a  known 
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function  of  a  d*c  control.  voltage  and  than  through  e 
linear  power  amplifier  whoso  gain  la  stabilised  "by  an  r-f 
negative  feedback  loop*  Oppositely  polarized  olo&os 
rectify  th«j  output  and  develop  a  balanced  d-c  voltage  aero#  » 
the  load,,  The  output  of  the  power  amplifier  JL»  else 
applied  to  the  upper  end  of  a  voltage  divider  whose  ratio 
'moy  be  switched  to  any  one  of  32  value h  by  meant  of  a  diode- 
trlode  switching  arrangement ,  A  diode-rectifier  and  j  c 
filter  change  the  output  of  the  divider  to  a  negative  d-o 
Mac  which  la  then  applied  to  the  control  input  of  the 
variable  gain  amplifier,, 

Advantage';;!  cf  this  eye  tom  would  bo  that  the  control 
at age s  work  at  a  lew  power  level,  who  control  , signal  is 
derived  from  the  actual  output  voltage  and  the  power 
amplification  required  is  done  ta  a-c  circuit!*  operating  at 
optimum  impedance  level a*  Considerable  difficulty  may  be 
experienced  In  arranging  time  constant, n  throughout  tho 
system  sc  that  the  required  rise  tine  can  bo  secured  without 
running  Into  oscillations  at  high  frequencies* 

D.  Ladder  Network  Type  Decoder 

Schematic  diagram  is  shown  on  Drawing  B •  30333# 

In  operation  digits  representing  one  co- ordinal a  of 
the  storage  position  are  applied  to  tho  Input  of  the  33- 
position  switch.  At.  soon  as  the  switch  Is  sot.  a  puls©  Is 
supplied  through  the  switch  to  the  selected  flip-flop,  which 
then  switches  on  the  corresponding  pentode «(V3  through  ¥33), 
Plate  current  of  the  pentode  flews  through  R5  and  tho  ladder- 
network  attenuator  in  aeries f  causing  a  roltag*  at  tho  output. 
The  drop  across  E&  Is  fed  through  an  amplifier  back  to  tho 
screens  of  tho  switch  pentodes  in  such  a  way  that  an  incress? 
in  pentode  plate  current  causes  a  doorcase  in  screen 
voltage.  If  the  gain  around  tho  feedback  loop  Is  high  enough, 
the  drop  at  tho  plate  of  any  pentode  when  its  control  grid 
is  at  a  given  potential  will  be  substantially  Independent  of 
tube  characteristics.  Since  tho  voltage  at  tho  output  lo  tbs 
gum  of  the  drop  across  H5  and  tho  drop  across  the  ladder 
network  multiplied  by  the  attenuation  factor  of  the  sections 
of  tho  network  between  the  conducting  tube  and  tho  output 
terminals  tho  output  aL«o  will  be  substantially  independent 

of  tube  character!  »U  os,, 

* 

Chief  ad  v, ant  ego  claimed  for  this  circuit  Is  that  all' 
switch  pentodes  operate  under  identical  condition^  and  it  If, 
expected  that  a  number  of  identical  tubes  can  be  caused  to 
draw  equal  currents  through  equal  load  resistances  more  easily 
than  the  same  number  of  identical  or  different  tubes  ce.n  be 
made  each  to  draw  a  different  assigned  value  of  current  through 
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a  different  »elao  of  ro*?.st.«iac*  Successful  operation, 
however*  dopecds  on  securing  s.  very  high  gain  around.  the 
feedback  loop,  and  this  do© a  not  appear  to  be  very  feasible 
at  the  present  tine-  Tfcn  reel stances  In  the  ladder  network 
are  all  of  odd  values  and  mat  be  cut  to  rather  close 
tolerances,  while  very  high  stability  ie  required  in  all 
resistance  values  in  the  circuit  with  regard,  to  aging, 
temperature  variation,  and  voltage  and  current  variation* 

V*  Driver  Amplifier a 

ifiliMri.-  ■■ - p.  — . -- -ri  rM’111  ■  -1M  m  ■i.iiimi^  III,, . .  r.rv^_: 


bines  two  of  the  decoding  circuits  under  consideration  do  not  produce 
sufficient  output  to  drive  the  deflection  pi at a e  directly,  some  consideration 
has  boon  given  to  amplifiers  for  driving  lot  resistance  and  high  capacitance 
loads*  ,J-ho  need  for  gain  stability  rooulroo  use  of  a  large  amount  "of  negative 
feedback,  while  the  requirement  that  any  given  deflection  voltage  shall  be 
maintained  for  en  Indefinitely  long  time  (until  a  new  storage  order  Is. 
received)  lands  to  d-c  coupling  throughout  the  amplifier.  One  amplifier  has 
bsen  built  and  tested  driving  a  load  equivalent  to  about  ton  pair*  of  cathode- 
ray  tulte  deflection  plate* f  connected  in  parallel  with  IIG63/U  cable,  untorralnatod. 
Results  of  the  teste  core  reported  in  Jinginoering  Ho  too  Ho.  E-  33. 
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I.  SUMMARY 


Among  the  circuits  required  for  the  control  of  electrostatic 
storage  tubes  are  circuits  which  furnish  voltages  to  deflect  the  primary- 
electron  beam  in  accordance  with  orders  received  from  th©  computer.  Pre¬ 
liminary  design  studies  have  led  to  the  conclusions  expressed  and  dis¬ 
cussed  in  this  report. 

In  order  to  make  numerical  computations  possible  when  any  part¬ 
icular  subject  was  under  study,  a  considerable  amount  of  data  was  assumed 
relating  to  the  physical  fora  and  the  operating  characteristics  of  the 
storage  tube.  The  assumptions  made  ore  listed  in  the  report. 

The  general  problem  of  supplying  common  deflection  voltages  to 
many  storage  tubes  used  in  a  single  bank  is  discussed  under  two  main 
topioa.  First,  the  effects  of  manufacturing  tolerances  are  considered 
and  possible  means  of  compensating  for  the  effects  are  suggested.  Second, 
the  input  impedance,  transmission  delay,  and  attenuation  in  the  trans¬ 
mission  line  are  considered}  the  conclusion  is  drawn  that  a  special  type 
of  lino  should  be  designed  and  constructed, 

Toro  typeB  of  circuits  capable  of  translating  orders  from  the 
computor  into  deflection  voltages  are  discussed;  a  binary-weighted  de- 
ooder  with  an  amplifier,  and  an.  equal- increment  decoder  which  needs  no 
amplifier.  Designs  for  experimental  models  of  eaoh  type  circuit  sure  in¬ 
corporated  in  the  appendix. 

Major  problems,  together  with  recommendations  for  their  so¬ 
lutions  are  s  • 

I.,  compensation  for  effects  of  manufacturing  tolerences. 
Recommendation  withheld  pending  accumulation  of  aotuul 
data  on  storage  tubes. 

2.  Design  of  transmission  line. 

Recommend  use  of  large-diameter,  air-spaced,  balanced,  two- 
wire  line  terminated  at  the  end  remote  from  the  deflection- 
voltage  generator.  Actual  design  constants  will  depend  on 
electrical  characteristics  of  the  storage-tube  prototype 
model • 

3.  Deflection-voltage  generator. 

Choice  between  the  two  proposed  types  should  be  deferred  until 
data  on  the  storage-tube  prototype  is  available.  Work  in  the 
interim  should  be  concentrated  on  the  binary-we ightod  decoder 
end  associated  amplifier. 
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II.  INTRODUCTION 


A.  Brief  Description  of  Storage  Method 

Tliis  report  dealt?  with  electronic  svr  itching  circuits  designed 
to  establish  specified  potentials  at  the  boam-def lection  plates  of  cathode- 
ray  tubes  used  as  electrostatic  storage  devices.  Knowledge  of  the  form 
of  the  proposed  storage  tube  and  its  mode  of  operation  is  necessary  to 
indorstand  dearly  the  elements  of  the  design  problem,  and  it  is  suggested 
that  references  A  and  B  will  supply  detailed  information  on  this  subject. 

Briefly,  the  electrostatic  storage  tube  will  oonsiBt  of  two 
olootron  gun  structures  and  a  storage  assembly  enclosed  in  an  evacuated 
glass  envelope.  The  first  electron  gun  will  supply  a  sharply-focused 
beam  of  high-velocity  electrons  which  may  be  deflected  by  means  of 
potential  differences  established  between  the  plates  of  two  pairs  of  de¬ 
flection  electrodes,  the  axes  of  the  deflection-plate  pairs  being  mu¬ 
tually  perpendioular  and  also  perpondicular  to  the  axis  of  the  undeflect¬ 
ed  beam.  This  beam  of  electrons  will  strike  a  storage  surfaoe  within  the 
storage  assembly  and  will  cause  the  area  under  the  beam  to  assume  one  of 
two  potentials,  choice  between  the  two  being  made  in  response  to  the  po¬ 
tential  established  on  a  control  electrode  within  the  storage  assembly. 

For  reading  of  the  stored  information,  the  electron  beam  is 
again  directed  to  the  storage  surface  while  a  neutral  potential  is  held  on 
the  control  electrode  within  the  storage  assembly;  electronic  circuits 
detect  the  flew  of  displacement  currents  as  the  area  under  the  beam  on 
the  storage  surface  is  charged  or  discharged  to  a  neutral  potential.  The 
second  electron  gun  within  the  storage  tube  will  supply  a  very  broadly 
focussed  beam  of  low-velocity  electrons  which  may  be  thought  of  as  a  uni¬ 
form  spray  over  the  entire  storage  surface.  This  beam  of  low-velocity 
electrons  will  render  a  given  pattern  of  charge  stable  by  means  of  secon¬ 
dary  omission  phenomena. 

,  In  the  Whirlwind  series  of  computers,  the  electrostatic  storage 

tube  win  be  used  in  suoh  a  manner  that  one  digit  of  each  of  approximately 
1,000  words  will  be  stored  in  a  rectangular  array  on  the  storage  surface. 
Iho  operation  of  the  computer  makes  it  necessary  that  each  storage  area  on 
the  surface  bo  instantly  and  independently  available  for  reading,  writing, 
3r  orasing  purposes.  Tho  computer  will  designate  any  given  storage  loca¬ 
tion  by  supplying  to  tho  storage  system  eleven  or  fourteen  binary  digits. 
Hio  storage-tub©  deflection  circuits  will  interpret  part  of  these  binary 
digits  as  c  imposing  two  binary  nura’.  rn  which  may  be  thought  of  as  X  and  Y 
:o ordinate s  of  the  storage  looation  on  a  rectangular  coordinate  system.  ~ 
oinco  each  binary  word  of  storage  will  bo  located  in  sixteen  separate 
storage  tubes  for  Whirlwind  I  and  forty  storage  tubes  for  Whirlwind  II, 
and  since  too  or  sixteen  banks  of  storage  tubes  will  be  employed,  it  will 
be  necessary  to  use  one  or  four  digits  of  th©  storage  order  to  designate 
the  bank  of  storage  tubes  in  which  the  stored  number  will  bo  found,  this 
set  of  digits  corresponding  to  a  £  coordinate  of  the  storage  space. 
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D.  Basic  is sumptions 

Ir.  order  to  carry  out  the  design,  analysis,  and  evaluation  of  a 
circuit j  it  is  necessary  either  to  know  or  to  assume  characteristic!*  of 
input  stimuli  to  bo  supplied  to  the  circuit  and  output  voltages  required 
to  be  produced,  an  well  as  impedance  levels  at  input  and  output  terminals  „ 
The  following  data  have  been  assumed  in  the  storage  tube  deflection  cir¬ 
cuit  work  so  far. 

1.  Input 

a.  Parallel  digit  transmission  wil^,  be  used  for  the  deflec¬ 
tion  circuit  order. 

b«  Only  the  a-c  component  of  voltage  on  the  digit-transfer 
bus  or  any  signal  input  line  is  significant. 

o.  The  signal  for  each  coordinate  will  consist  of  a  five¬ 
digit  number  composed  of  coincident  pulses  whoso  amplitude 
is  between  10  and  20  volts  and  whose  duration  may  be  from 
0.05  to  0.26  mioroseconds. 

d.  Input  impedance  of  the  deflection  cirouit  decoder  must 
b®  high  in  order  to  avoid  loading  the  dig it- transfer  bus. 

e.  Additional  pulses  will  be  supplied  to  the  deflection 
circuit  on  individual  linos  for  the  purpose  of  resetting 
the  def loot ion  circuit  decoder,  reading  back  the  storage 
order  for  checking  purposes,  etc. 

2.  Output 

a.  The  load  will  consist  of  32  storage  tubes  for  Whirlwind  I 
or  640  storage  tubes  for  Whirlwind  II.  Electrostatic  de¬ 
flection  will  be  used. 

b.  Balanced  deflection  voltages  will  be  required. 

c.  Each  deflection  plate  pair  will  have  a  maximum. direct 

*'  capacity  of  2,</{f  from  plate  to  plate  and  1  ufg  from  eu-«h 
plate  to  ground.  Methods  of  connecting  tubes  together 
are  discussed  below. 

d.  The  deflection  factor  will  be  from  50  to  100  volts  per  inch. 
Maximum  deflection  of  about  3-|  inches,  peak  to  peak  is  ex¬ 
pected.  Computations  have  been  based  on.  a  figure  of  3  in¬ 
ches  maximum  deflection  with  a  deflection  factor  of  67 
volts  per  inch. 

e.  Circuits  are  assumed  to  bo  required  to  produce  32  distinct 
values  of  deflection  voltage  in  each  coordinate,  corres¬ 
ponding  to  1,024  positions  of  the  beam  on  the  target.  Zero 

•  volts  plate-to-plato  may  or  may  not  bo  included  as  one  value 
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f0  It  is  assumed  that  satisfactory  storage  operation  will 
result  if  the  extreme  long-time  variation  in  the  posi¬ 
tion  of  any  particular  spot  from  its  nominal  position 
does  not  exceed  \/Z%  of  the  width  of  the  array  on  the 
storage  surface  and  if  the  successive  doi lections  of  the 
spot  to  any  storage  location  each  fall  v/ithin  1/4%  of  he 
width  of  the  array.  A  ±5$  variation  in  the  width  of  the 
array  is  assumed  to  bo  tolerable. 

g»  An  interval  of  3  microseconds  from  the  time  the  storage 
order  appears  on  the  digit  transfer  buB  is  allowed  for 
the  establishment  of  the  deflection  potentials. 

h.  No  consideration  has  been  given  to  the  change  in  de- 
fleotion  factor  which  may  result  from  the  change  of 
potentials  in  the  storage  assembly  for  roading  and 
writing.  It  has  been  assumed  further  that  shielding 
adequate  to  reduce  to  negligible  proportions  the 
deflection  of  the  beam  by  stray  electrostatic  and  mag¬ 
netic  fields  will  be  employed. 

i,  Defleotion  potentials  established  by  one  storage  order 
will  bo  maintained  until  a  reset  pulse  is  received 

by  the  decoder o 

■j.  Storage  tubes  in  Whirlwind  I  will  be  mounted  on  12" 
centers.  The  storage  tube  bank  for  Whirlwind  I  will 
require  32  square  feet  of  front  area.  Storage  tubes 
in  Whirlwind  II  will  be  mounted' on  approximately  6 
centers,  and  the  storage  tube  bank  will  be  about 
20'  long  by  8*  high* 
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III.  CONNECTIONS  TO  DEFLECTING  PLATES 


A.  General  Considerations 

In  order  to  reduce  the  amount  of  equipment  required  and  to 
facilitate  testing  and  checking  operations  it  would  be  desirable  to 
have  a  single  decoder  and  driver  unit.  This  indicates  that 
corresponding  deflection  plates  of  all  storage  tubes  in  the  storage 
bank  should  be  connected  in  parallel.  Two  factors  must  be  kept  in 
mind  when  designing  the  connecting  circuits.  First,  mechanical 
tolerances  allowed  in  the  manufacture  of  the  tubes  will  result  in 
variation  from  tube  to  tube  of  deflection  sensitivity  and  position 
of  the  undeflectod  spot.  Second,  the  large  amount  of  capacitanoe 
associated  with  the  deflection  plates  and  their  connecting  cables, 
the  large  peak  voltage  required  to  be  produced,  and  the  short  time 
allotted  for  the  establishment  of  the  voltage  are  three  factors 
which,  in  combination,  require  that  very  high  currents  bo  supplied 
by  the  driving  source.  The  connection  scheme  must  bo  designed  to 
minimize  the  ourrent  requirements. 

B.  Compensation  of  Tube  Variations 

1,.  Types  of  variation  encountered 

Commercially  manufactured  five-inch  cathode-ray  tubes  in¬ 
tended  for  general  oscillographic  use  are  held  to  tolerances  such 
that  the  deflection  sensitivity  of  any  one  tube  may  deviate  from 
the  nominal  value  for  the  type  by  not  more  than  ±20/®.  '’olerancos 
on  alignment  of  the  electron-gun  structure  are  such  that  the  undeflected 
spot  will  fall  within  a  1-inch  square  whoso  diagonals  intersect  at 
the  center  of  the  tube  face  and  whose  sides  are  parallel  to  the  axes 
of  deflection.  It  is  expected  that  these  tolerances  can  be  reduced 
by  careful  me oh an i cal  construction  and  close  quality  control  to  a 
figure  of  £5%  deviation  of  deflection  sensitivity  from  the  average 
value  and  l/4  inch  for  the  side  of  the  square  within  which  tho  un¬ 
deflected  spot  will  fall. 

2.  Compensation  of  deflection  sensitivity 

One  of  the  assumptions  listed  under  topio  II-B  above  is 
that  the  allowable  variation  of  the  width  of  the  array  on  the  storage 
surface  from  its  nominal  width  will  bo£  5%»  If  no  provision  is  made 
for  compensating  the  difference  between  the  deflection  sensitivities 
of  individual  tubes,  even  the  smaller  tolerance  on  deflection 
sensitivity  will  not  allow  the  attainment  of  the  assumed  limits  on 
the  variation  of  the  width  of  the  array  since  it  will  not  be  possible 
to  maintain  the  maximum  deflection  voltages  at  an  exact  nominal  value* 

Tho  simplest  method  of  compensating  for  variations  in 
deflection  sensitivity  would  be  to  use  a  pair  of  R-C  attenuator 
sectione  at  oaoh  of  -the  more  sensitive  deflection-plate  pairs, 
the  attenuation  of  any  pair  of  sections  being  chosen  to  reduce 
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the  affective  sensitivity  of  their  associated  deflection-plate 
pair  to  the  sane  sensitivity  an  the  least  sensitive  pair  acceptable 
under  the  tolerances  cat  up  for  the  tubes.  By  thiB  means  the 
effective  deflection  sensitivity  of  any  pair  of  plateB  may  be 
brought  to  within  ±1%  of  the  lowest  uncompensated  sensitivity 
accepted.  If  a  TT  configuration  is  adopted  for  the  attenuator,  it 
will  be  possible  to  adjust  the  elements  so  that  the  effective  shunt 
capaoitance  and  resistance  at  the  input  to  all  deflection-plat© 
pairs  is  the  same. 

Other  schemes  of  compensation,  such  as  adjustment  of 
accelerating  potential  in  the  eleotron-gun,  separate  amplifiers 
for  each  pair  of  plates,  etc.,  do  not  appear  to  be  practical. 

3.  Compensation  of  Undeflectod  Position 

If  it  is  found  that  the  tube-to-tube  variation  of  the 
undeflected  position  of  the  beam  causes  too  great  a  reduction  of 
the  useful  storage  area,  compensation  may  be  applied  in  any  of  a 
number  of  ways. 

Sines  the  deflection  voltage  probably  will  be  maintained 
for  a  fixed,  short  length  of  time  each  time  it  is  established, 
capacitive  coupling  to  the  deflection  plates  may  be  used.  Suoh 
coupling  will  allow  insertion  of  a  positioning  voltage  at  each 
pair  of  deflection  plates.  Some  form  of  clamping  must  be  uaod  to 
restore  the  d-c  component  of  the  deflootion  voltage  at  the  plates. 
One  of  the  high-voltage  germanium  crystal  diodes  should  prove 
adequate  for  thiB  application.  Care  must  be  taken  to  make  the 
impedance  of  the  poBitioning-voltago  source  low  enough  to  prevent 
appreciable  changes  in  bias  with  changing  duty  factor. 

A  better  method  which  has  been  suggested  for  adjusting  the 
spot  position  is  to  insert  two  additional  pairs  of  deflection  plates 
on  the  electron-gun  structure .  These  auxiliary  plates  would  carry 
a  steady  difference  of  potential  which  could  be  adjusted  so  that 
the  point  of  impact  of  the  electron  beam  would  lie  exactly  at  the 
center  of  the  storage  surface  when  the  main  dofleotion  plates  were 
all  held  at  second-anode  potential.  Since  these  auxiliary  plates 
would  only  carry  d-c  voltage  they  need  have  only  a  low  deflection 
sensitivity  and  could,  consequently,  be  made  considerably  shorter 
along  axis  of  the  tube  than  the  main  plates.  An  additional 
function  which  might  be  served  by  the  auxiliaries  would  be  shielding 
between  the  two  main  deflection-plate  pairs.  This  shielding  would 
be  useful  in  reducing  undesired  coupling  between  the  two  axes  of 
deflection. 


Other  schemes  of  compensation,  such  as  an  external  permanent 
magnet  whose  direction  and  distance  from  the  axis  of  the  tube  are 
adjustable,  a  separate  amplifier  for  each  pair  of  plates  in  the  group, 
etc.,  are  possible  but  are  not  so  attraotive  from  the  standpoint  of 
ease  and  stability  of  adjustment  and  amount  of  equipment  required. 


- . . - . -  ^  ^  .  , . . .  ... .  A-.  .  . 
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C „  Control  of  Input  Impedance 
1.  Types  of  Connection 

Bacause  of  the  large  physical  aise  of  the  storage-tube  bank 
and  the  large  number  of  storage  tubes  in  the  bank,  a  large  amount  ol 
cable  is  required  to  make  connection  to  all  deflection  plates,  In 
order  to  reduce  stray  coupling  to  a  minimum,  some  form  of  shielded 
transmission  lino  will  be  used.  When  considering  the  question  of 
which  typo  of  line  should  be  used  and  what  the  resulting  performance 
of  the  system  will  be,  a  number  of  factors  must  be  investigated. 

Before  disouBsing  these  factors,  however,  it  is  necessary  to  outline 
two  possible  connection  schemes  end  to  see  what  effect  the  choice  of 
one  scheme  or  the  other  will  have  on  the  rest  of  the  doi  lection  circuit 
problem. 


One  v/ay  of  feeding  the  deflection  plates  would  be  to  use 
short  lengths  of  cable  to  conneot  up  small  groups  of  tubes  with  the 
input  ends  of  the  cables  all  fed  in  parallel  from  the  deflection- 
voltage  source.  In  the  case  of  fflWII,  for  example,  the  deflection- 
voltage  generating  circuits  might  be  located  in  the  center  of  the 
storage-tubo  bank  with  sixteen  rows  of  tubes  having  twenty  tubes  per 
row  on  each  side,  haoh  row  of  twenty  tubes  might  be  fed  by  one  cable 
with  the  input  ends  of  the  thirty-two  cables  coming  together  at  the 
output  terminal  of  the  generator.  The  end  of  the  cable  remove  from  the 
generator  would  not  be  terminated.  In  ouch  a  system  as  this  if  the 
time  required  for  electromagnetic  waves  to  be  propagated  from  the  input 
end  to  the  most  remote  point  in  the  system  is  small  compared  to  the  time 
constant  of  any  transient  voltage  which  may  be  applied  to  the  input,  the 
effect  of  the  series  inductance  of  the  transmission  line  may  be  neglected 
and  the  input  impedance  of  the  system  can  be  considered  as  that  corres¬ 
ponding  to  a  lumped  capacity.  The  time  required  to  establish  a  voltage 
at  the^raost  remote  point  in  the  system  is  very  nearly  the  same  as  that 
required  to  establish  the  seme  voltage  at  the  input. 

A  second  way  of  feeding  the  deflection  plates  would  be  to  use 
a  single  length  of  cable  to  feed  all  corresponding  electrodes  with  the 
taps  for  individual  tubes  taken  off  at  uniform  intervals.  If  the 
spacing  between  taps  is  small  enough  that  the  time  required  for 
electromagnetic  waves  to  be  propagated  from  ony  tap  to  the  next  succeeding 
bap  -is  small  compared  to  the  time  constant  of  any  transient  voltage 
which  may  bo  applied  to  the  line,  the  loading  may  be  considered  as  if 
it  were  distributed  uniformly  along  the  lino.  Since  this  condition 
exists  in  the  present  application^  and  since  the  characteristics  of 
transmission  lines  with  uniformly  distributed  parameters  are  described 
by  relatively  simple  mathematical  relations,  it  is  possible  to  calculate 
the  pertinent  constants  of  the  loaded  line.  A  considerable  simplifica¬ 
tion*  in  the  calculations  results  from  the  fact  that  the  Iobsos  in  the 
line  and  at  the  deflection  plates  are  very  small  and  can  be  neglected  in 
mo3t  of  the  calculations.  It  is  particularly  important  to  note  that  the 
characteristic  impedance  of  the  loaded  lino  under  the  conditions  which  ex¬ 
ist  in  this  application  is  very  nearly  a  pure  resistance.  The  end  of  the 
line  farthest  from  the  deflection-voltage  generator  will  be  terminated  with 
this  characteristic  resistance,  and  the  load  presented  to  the  generator 
will  be  the  same  resistance.  The  tine  required  to  establish  a  given 


6545 

Report  E-120 


Pago  S 


voltape  at  the  and  of  the  line  farthest  removed  from  the  input  and  is 
^  time  required  io  establish  the  voltage  at  the  input  pus 
a  fixed  transmission  delay  *hich  is  characteristic  of  the  ioadea  line 
and  may  ba  calculated » 

Both  of  the  connection  schemes  outlined  above  would  r  suit  in 
approximately  tho  oauip  total  capacitance)  for  the  deflection  plate  syttei 
if  the  came  tube  »pa=i»C  and  type  of  oenneeting  cable  »ere  need,  fhe 
first  type  of  connection,  which  results  in  a  capacitance  load  b  ng 
presented  to  the  deflection- voltage  generator,  must  te  driven  by  a 
oonstant-voltage  source  having  lew  internal  resistance.  A  maximum 
allowable  value  for  this  internal  resistance  may  be  caicuiated  from  the 
fact  that  the  product  of  (a)  the  resistance  and  (b)  the  total  capacitance 
of  the  deflection  system  plus  the  output  oapacitanco  of  the  generator 
must  not  exceed  approximately  one  seventh  of  the  difference  between  ,») 
the  time  required  for  the  decoder  to  set  up  the  deflection  voltage  ca.. led 
for  and  (b)  the  three  microseconds  alloted  for  the  over-all  operation  of 
tho  deflection  circuits.  With  the  second  type  of  connection,  which 
presents  a  resistive  load  to  the  deflection  voltage  generator,  either  a 
constant-voltage  source  or  a  constant-current  source  may  be  used.  A 
major  part  of  the  delay  in  this  cane  will  be  the  transmission  delay  in 
the  line j  but  the  over-all  operation  time  of  the  deflection  circuit  will 
include  not  only  the  delay  tut  also  at  least  seven  times  the  produce  of 
the  characteristic  resistance  of  the  loaded  xine  (in  parallel  with  tho 
output  impedance  of  the  driving  source)  multiplied  by  the  output 
capacitance  of  the  driving  eouroo,  in  addition  to  the  time  required  for 

decoder  operation. 

2»  Faotors  Affecting  Choice  of  Transmission  Line 

It  is  desirable,  in  order  to  reduce  power  dissipation  in  tho 
deflection  circuits,  to  choose  a  type  of  transmission  line  which,  when 
loaded  by  the  deflection  pletes,  will  result  in  a  high  impedance  at  the 
input  to  the  defleotion-plale  network;;  at  the  same  time  the  velocity  ol 
propagation  in  the  loaded  line  must  be  high  enough  to  satisfy  the  trans¬ 
mission-time  restrictions  of  the  connection  scheme  ^  ^ihioh  it  is  used. 
Because  of  the  fixed  capacitance  shunted  across  the  line  at  each  deflec¬ 
tion  plate  connection,  if  the  same  dielectrio  is  used  in  all  types  of 
line  considered  it  is  possible  to  increase  tho  input  impedance  only  at 
tho  expense  of  decreased  velocity  of  propagation;  howevor,  bovh  the  in¬ 
put  impedance  and  the  velocity  of  propagation  increase  as  the  specific 
inductive  capacity  of  the  dielectric  is  decreased.  For  this  reason  an 
air-insulated  transmission  line  is  preferable  to  a  line  having  sol 

dielectric. 

Attenuation  of  the  deflection  voltago  as  it  travels  along  the 
transmission  line  is  undesirable  in  either  of  the  two  connection  schemes 
proposed.  In  the  caso  of  ur.terminated  lines  treated  as  a  lumped  capaci¬ 
tance  attenuation  has  an  effect  which  may  be  considered  as  equivalent  to 
a  small  resistance  in  series  with  the  capacitance.  Ho  inequality  of  .he 
equilibrium  voltage  at  the  various  deflection  plates  results  from  atte.n^ 
ation  if  this  type  of  connection  is  used;  but  for  systems  01  the  came 
total  capaoLtanco  and  the  seme  voltage  build-up  time,  the  system  vath 
large  attenuation  will  require  a  source  having  lower  mapedanoe  than  will 


6548 

H&port  H-120 


Pegs  LO 


the  system  with  small  attenuation..  This  difference  is  small,  however, 
and  the  improvement  in  input  impod'nco  due  to  reduced  attenuation  does 
not  alone  justify  tho  use  of  an  oxpensiv®  or  physically  inconvenient 
type  of  transmission  line. 

Attenuation  in  the  transmission  line  has  a  somewhat  different 
effeot  in  the  case  of  a  single,  uniformly  leaded  line.  Under  these  con¬ 
ditions  the  driving -sour CO  impedance  required  to  establish  a  given  equi¬ 
librium  voltage  at  tho  input  to  tho  line  is  not  materially  altered?  the 
difficulty  is  that,  with  a  constant  voltage  at  the  input,  the  equilibrium 
voltage  at  each  successive  pair  of  deflection  plates  is  slightly  smaller 
as  the  distance  from  the  input  end  of  the  line  increases.  If,  aa  sug¬ 
gested  above,  it  in  necessary  to  utilize  compensating  circuits  to  equa¬ 
lize  the  deflection  sensitivities  of  individual  tubeB,  then  these  same 
circuits  can  be  used  also  to  compensate  for  attenuation  in  tho  trans¬ 
mission  lino.  If  however,  it  is  found  possible  to  maintain  tolerances 
on  deflection  sensitivity  such  that  the  variations  need  not  be  compen¬ 
sated  as  long  as  a  given  value  of  transmission  line  attenuation  is  not 
exceeded,  then  is  becomes  highly  desirable  to  keep  the  attenuation  in 
line  below  this  value. 

Consideration  of  the  above  points  showB  that  tho  moot  desirable 
type  of  transmission  line  for  connection  of  the  deflection  plates  to  th.3 
deflection  voltage  generator  is  an  air- insulated  line  whoso  geometry  is 
arranged  so  that  tho  transmission  delay  in  the  loaded  line  is  the  longest 
vAiich  is  tolerable  in  the  connection  scheme  chosen;  furthermore,  the  at¬ 
tenuation  in  the  line  should  be  small.  An  air-insulated  line  will  be  a 
rigid  or  semi-rigid  type.  The  requirement  of  longest  tolerable  delay 
means  that  tho  ratio  of  the  diameter  of  the  shield  or  outer  oonductor  to 
the  diameter  of  tho  inner  conductor  or  conductors  will  be  large.  Small 
attenuation  means  large-diameter  inner  conductor.  These  points,  taken 
together,  indicate  that  the  physical  size  of  the  transmission  lino  may 
limit  achievement  of  the  desired  oloctrical  characteristics. 

Appendix  A  contains  calculation  of  the  properties  of  R3-62/U 
oo-axial  cable  loaded  as  it  would  be  for  use  in  both  MI  and  Mil  storage 
tube  banks,  and  also  properties  of  an  air-insulated,  rigid,  shielded, 
balanced,  tro-wir©  line  which  is  suggested. 
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I?,  DECODING  CIRCUITS 


A.  Function  of  the  Decoder 

It  will  bo  recalled  that  the  principal  input  to  the  deflection 
circuits  cornea  from  the  digit  transfer  bus  of  the  computer  and  consist® 
of  a  group  of  pulses  which  represent,  according  to  a  logically  chosen 
code,  the  location  of  a  point  on  the  storage  surface  to  which  the  read¬ 
ing  and  writing  electron  beam  of  the  storage  tube  must  b©  deflected*  On 
the  other  hand,  the  actual  dofleotion  of  the  beam  is  accomplished  by 
means  of  potential  differences  established  between  the  plates  of  each 
dofleoti on-plate  pair.  Any  complete  net  of  deflection  circuits  must, 
therefore,  include  a  devico  which  serves  to  convert  the  coded  input  into 
two  voltage  magnitudes.  The  device  which  makes  this  conversion  has  boon 
called  the  "decodor"  in  discussion  of  the  dofleotion  problem,  end  is  so 
designated  in  this  report. 

In  considering  the  operation  of  the  decoder  and  the  require¬ 
ments  to  be  met,  it  is  convenient  to  think  of  the  coded  input  as  repre¬ 
senting  two  integers  written  in  binary  notation.  Ten  lines  of  the  digit- 
transfer  bus  are  connected  to  the  decoder  input  through  gated  amplifiers; 
five  consecutive  linos  carry  pulses  representing  the  binary  digits  of  one 
integor  while  the  other  five  lines  carry  the  second  number.  To  insert 
numbers  into  the  decoder  it  is  necessary  to  open  the  gates  at  the  input 
of  the  decoder  and  then  f3Qd  voltage  pulses  representing  the  desired 
numbers  onto  the  digit-transfer  bus.  As  soon  as  the  pulses  have  had  time 
to  pass  through  the  decoder  input  gates,  these  gates  must  be  closed  so 
that  subsequent  pulBOs  appearing  on  the  bus  will  not  affect  decoder  oper¬ 
ation.  According  to  the  code  chosen  for  W57I,  occurrence  of  a  positive 
pulse  at  any  input  terminal  of  the  decoder  while  the  input  gates  are  open 
represents  appearcnce  of  the  digit  1  in  a  corresponding  position  in  the 
number  as  written  in  binary  notation;  non- occurrence  of  a  positive  pulse 
at  an  input  terminal  during  the  same  time  interval  indicator  that  the 
digit  0  appears  at  a  corresponding  position  in  the  number.  Since  a  five¬ 
digit  binary  number  can  represent  2^  integers,  each  of  the  input  numbers 
may  have,  independently,  any  integral  value  from  0  to  <51  inclusive. 


Decoders  for  W7I  and  Mil  will  be  designed  so  that  the  magni¬ 
tudes  of  the  two  output  voltages  are  as  nearly  as  possible  a  linear  func¬ 
tion  of  the  input  intogers.  An  expression  for  this  desired  function  is: 


En  =  E0 


e31  -  Eo 

4 - — N 

31 


* 


where  E^  is  the  voltage  output  for  input  number  N,  E0  is  the  voltage  out¬ 
put  for  input  number  0,  E32  is  the  voltage  output  for  input  numbor  31,  and 
JI  is  any  integer  from  0  to  31,  inclusive.  Because  each  input  number  is 
operated  on  in  exactly  the  same  fashion,  the  decoder  will  consist  of  two 
identical  sections.  In  the  following  discussion,  only  one  section  of  the 
decoder  will  be  considered,  it  being  understood  that  the  second  section 
will  be  the  3ume  in  all  respects. 


B«  Types  of  Dec  odor  a 

A  number  of  circuit  arrangements  have  been  proposed  an  being 
capable  of  producing  the  required  relation  between  digital  input  and 
voltage  output.  Only  two  of  the  schemes,  proposed  as  alternatives ,  are 
discussed  below.  She  first  is  characterized  by  economy  of  space  and 
equipment,  large  power  dissipations  in  certain  rather  critical  compon¬ 
ents,  necessity  for  maintenance  of  extremely  close  tolerances  on  a  number 
of  resistors,  and,  in  general,  necessity  for  very  close  design  and  ad- 
justment  of  the  circuit.  The  second  is  characterized  by  ability  to  oper¬ 
ate  with  rather  broad  tolerances  on  components,  a  more  desirable  situation 
with  regard  to  power  dissipation,  and  the  possibility  of  extensive  control 
of  the  shapo  of  tho  output-vs -input  function. 

The  first  system  of  decoding  derives  itB  operation  directly 
from  tho  character  of  the  binary  code.  To  review  briefly,  an  integer  to 
mhioh  the  decoder  must  respond  is  represented  by  the  occurrence  or  non- 
ocourrence  of  a  positive  voltago  pulse  at  each  of  five  input  terminals 
during  a  specif ic  interval  of  time. 

Tho  value  of  tho  integer  represented  is  obtained  by  assigning 
an  integral  value  or  "weight”  to  the  occurrence  or  non-occurrence  of  a 
pulse  at  each  input  torminal,  and  summing  up  these  weights.  With  tho  in¬ 
put  terminals  numbered  in  order  of  increasing  weight,  tho  assigned  values 
are  (using  decimal  notation  with  Arabic  symbols)  ap  follows i 


Terminal  Value  Assigned 

Number  Occurrence  Non-Qocurronce 


1 

2 

3 

4 

5 


20  =  1  0 

21  =  2  0 

22  =  4  0 

2S  s  8  0 

24  b  16  0 


Tills  method  of  assigning  values  is  called  "binary  weighting"  because  tho 
assigned  weights  form  a  geometric  progression  with  ratio  two. 

A  do coding  circuit  which  uses  binary  weighting  to  decode  the  in¬ 
put  pulses  is  shown  in  an  elementary  form  on  drawing  B-30333.  In  opera¬ 
tion,  tho  circuit  approximates  a  linear  summation  of  current  from  five 
separate  current  scurces  which  are  weighted  in  accordance  with  the  binai/ 
code.  Referring  to  the  drawing,  immediately  after  tho  receipt  of  a  pulse 
on  tho  reset  lino  all  flip-flops  are  conducting  on  the  1  side  and  cut  off 
on  the  0  side.  The  grids  of  switch  triodes  VI,  V2,  V3,  V4,  and  U  are 
tied  to  the  zero  side  of  their  corresponding  flip-flops.  Plate  supply 
voltages  of  the  flip-flops  and  switch  triodes  are  bo  arranged  that  tho 
cathodes  of  all  triodes  will  be  at  or  slightly  above  ground.  This  puts 
the  cathode  of  each  crystal  diode  at  or  slightly  above  its  anode,  so  that 
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negligible  current  flows  through  the  diode.  The  voltage  at  the  output 
terminal  is  then  zero.  fihen  a  set  of  pulses  representing  a  storage  po¬ 
sition  are  received  on  the  input  line,  the  flip-flops  which  get  a  posi¬ 
tive  pulse  will  switch  so  that  the  1  side  is  cut  off  and  the  0  side 
conducts.  This  loworB  the  grid  of  the  corresponding  switch  triodee, 
allowing  their  associated  diodes  to  conduct  and  turning  off  plate  cur¬ 
rent  in  the  triode.  Resistances  R2,  R3,  R4,  R5,  and  R6  are  arranged  so 
that  for  equal  voltage  aoross  eaoh  resistance  and  its  associated  crystal 
diode,  they  draw  currents  whose  ratios  are  as  1:2:4:8:13. 

If  R1  were  very  small  compared  to  the  combined  resistances  of 
R2,  R3,  R4,  R6,  end  R6  in  parallel,  the  current  flowing  through  R1  (and 
hence  the  output  voltage)  would  be  very  nearly  proportional  to  tho  bi¬ 
nary  number  input.  The  output  voltage  for  this  case  would,  however, 
also  be  very  small  compared  to  the  voltage  supplied  to  the  divider.  An 
increase  of  output  voltage  may  be  secured,  a,t  the  expense  of  a  departure 
from  linearity,  by  decreasing  the  ratio  of  R2  (and  hence  R3,  R4,  R5,  and 
R6)  to  Rl,  The  ratio  of  output  voltage  to  voltage  supplied  the  divider 
is  given  by  the  expression: 


®o  * 


where  N  is  the  input  binary  number.  This  equation  is  plotted  on  Drawing 
A-38251-G  as  a  function  of  N  with  Rg/kq  as  &  parameter.  Drawing  A-38252-G 
is  a  plot  of  the  slope  of  the  output  curve  as  a  function  of  N,  again  using 
r2/^1  as  a  parameter.  The  equation  of  these  curves  is: 

«2 

1  ®o  *1 


It  is  readily  apparent  from  these  curves  that  a  compromise  must  be' 
made  between  large  output  with  poor  linearity  end  small  output  with 
good  linearity® 

Au  drawn,  the  circuit  suffers  from  the  disadvantage  that  for 
reasonable  values  of  supply  voltage  and  power  consumption  the  output 
is  small  arid  at  high  impedance  level.  Some  difficulty  also  may  arise 
from  the  use  of  triode  switching,  since  it  may  bo  impracticable  to  supply 
a  grid  swing  on  the  triodes  large  enough  to  reduce  cathode  current  to 
a  negligible  value.  Furthermore,  the  circuit,  as  drawn,  furnishes  only 
a  single-ended,  or  unbalanced,  output.  Appendix  B  of  -this  report  contains 
an  evolved  design  which  uses  amplification  and  negative  foedbaok  to 
overcome  the  objections  of  small  output  at  high  impedance  level.  This 
circuit  is  arranged  to  produce  a  balanced  output  which  may  be  applied 
to  both  plates  of  a  deflection  plate  pair  simultaneously. 
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A  rudimentary  four-position  form  of  a  second  type  of  decoder  is 
-ho™  in  drawing  B-30761.  The  principle  of  operation  of  this  circui  is 
a  linear  summation  of  unit  our rout  sources,  one  unit  current  source^ 
b0inp,  gunolied  for  each  increment  of  doflootion  required.  In  the  drawing, 
the  double  tetrodes  VIA,  VlB,  V2A,  V2B  etc.  represent  the  unit  current 

sources.  Dial  tetrodes  are  provided  in  ordor  that  balanced  dof lection 
sources.  _  i  ^  aide  of  each  unit  current  Bource 

voltages  may  be  secured,  that  is,  th  .  b  current 

is  connected  to  one  side  of  the  load  while  the  B  ha*£  °^°a^Xol 
source  is  connected  to  the  other  side  of  the  load,  he  two 
grids  of  the  unit  current  source  tube  are  connected  to  Jhe  two  pUtes 
of  a  flio-flon  which  has  its  plate  load  so  arranged  that  the  plate 
of  the  non-conducting  tube  will  be  approximately  at  ground  Potential 
while  the  plate  of  the  conducting  tube  is  approximately  50  volts  oelew 
ground  potential.  This  assures  that  one  tube  of  the  current  source 
will  be  conducting  strongly  while  the  other  naif  is  cut  off. 
cathode  resistance  of  the  current  source  is  provided  in  order  to  incroece 
the  elate  resistance  of  the  two  tubes  by  degenerative  action  and 
thereby  to  reduce  to  some  extent  the  effects  of  unbalance  be kweenjhe 
two  Bides  of  the  tube  and  the  change  of  current  through  the  tube  with 

ago. 

The  circuit  is  so  arranged  that  immediately  after  receipt 
of  a  pulse  on  the  "reset"  grid  of  the  flip-flop,  the  B  half  of  the  unit 
current  source  will  bo  conducting  while  the  A  half  is  cut  off. 

W  grid  of  oach  flip-flop  is  connected  to  the  plate  of  the  corres¬ 
ponding  amplifier  tube  in  the  group  of  circuits  designated  as  a  one- 
Jray  line".  The  purpose  of  the  one-way  line  is  to  take  a  signal  wnich 

arrives  at  the  grid  of  any  one  of  the  tubes  and  eauJ® 
propagated  only  to  the  right*  thus,  it  can  be  seen  that  a  signal  which 
is  introduced  at  the  grid  of  the  right-hand  amplifier  tube 
way  lino  will  cause  a  change  of  state  only  in  the  fllP”'P 
Similarlv  a  pulse  introduced  to  the  grid  of  the  second  tube  from  the 
right  in7thoP one-way  line  will  affect  only  the  flip-flops  labeled  1  one 
2.’  The  pulse  introduced  toihe  grid  of  the  third  tube  from  or  g 
in  the  one  way  line  will  affect  flip-flops  1,  2,  and  3.  In  this  way  it  fe 
possible  to  cause  a  pitching  of  current  in  a  number  of  increments  equal 
to  the  numerical  value  of  the  point  at  which  the  signal  is  introduced. 

The  signal  is  inserted  into  the  one-way  line  at  the  Proper 
point  by  moans  of  the  four-position  electronic  i switch.  Th 
receives  its  stimulus  from  the  digit  transfer  bus  in  the  form  of  a  two 
ji,,h  binarv  number  and  opens  one  of  the  gate  tubes  on  its  output  in 
SSSd^ilSTS;  input*  number.  A  "eet-up”  pulee  is  then  p»»d  thresh 
the  gate  tube  into  the  one-way  line,  setting  up  the  correspondmflip- 
f lope,  and  causing  a  switch  in  current  from  the  B  half  to  the  a  hall  oi 
the  proper  number  of  unit  current  sources. 

Inspection  of  the  mode  of  operation  of  this  circuit  makes  it 
apparent  that" the  output  voltage  rill  certainly  vary  monctonieally  with 
the  input  number ,  and  that,  if  the  dynamic  plate  resistance  of  the  unit 
current  source  tubes  is  high  compared  to  the  resistance  of  the  load,  the 
output  voltage  will  vary  approximately  linearly  with  input  number. 

Further  advantages  of  this  type  of  circuit  ure  that  the  output  impedance 
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is  quite  low  so  that  the  load  may  be  driven  without  any  extra  amplification 
being  needed.  Furthermore,  the  system  can  be  a-c  coupled  throughout  except 
for  the  coupling  between  the  grid  of  the  unit  current  source  and  the  pint® 
of  the  associated  flip-flop;  therefore,  a  minimum  number  of  voltage  supply 
level 3  are  required  for  operation.  The  design  of  a  32-position  cirou  t 
of  this  typo  is  given  in  Appendix  C  of  this  report. 
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V. _ RBSOMUEHDAT IOKS 

A.  Connect! ona  to  Platoa 

It  ia  not  possible  at  tho  present  time  to  say  whether  or  not 
special  coupling  circuits  will  bo  needed  at  each  storage  tube  to  compensate 
for  manufacturing  tolerances;  accordingly,  no  recommendation  is  made 
concerning  the  actual  line-to-tube  coupling. 

Although  an  unterminated  connection  using  type  RG-62/U  coaxial 
cable  is  practicable}  for  use  in  tho  small  storage-tube  bank  of  WVil,  choice 
of  ouch  a  connection  is  not  recommended  because  tho  design  of  circuits 
to  drive  tho  connected  load  could  not  be  applied  directly  to  WWII  with  Its 
large  bank  of  storage  tubes.  It  is  recommended*  rather,  that  design  for 
WWI  be  carried  out  on  the  basis  of  a  terminated  connection  using  a 
specially  constructed  transmission  line  r/hose  performance  will  be  satis¬ 
factory  for  use  in  EWII  also* 

B,  ^®f loot ion-Voltage  Generator 

On  the  basis  of  present  information  it  is  felt  that  satisfactory 
performance  can  be  obtained  from  either  of  the  two  types  of  deflection 
voltage  generators  described  in  section  IV  above.  Although  the  binary- 
weighted  decoder  with  a  power  amplifier  requires  less  space  and 
equipment  for  its  operation  than  the  "equal-increment”  type  of  decoder 
(vshioh  can,  however,  drive  the  load  directly),  the  latter  type  possesses 
considerable  advantages  in  its  freedom  from  high-wattaga,  close-tolerance 
resistors  and  its  ability  to  provide  individual  control  of  the  increment 
magnitudes.  It  is  recommended,  therefore,  that  choice  between  the  systems 
be  deferred  until  definite  information  on  tho  storage  tube  1b  available  to 
replace  the  assumed  data  used  up  to  the  present  timo. 

•  ✓ 

Any  further  work  done  on  deflection  cirouita  before  a  storage 
tube  prototype  ia  available  should  be  directed  mainly  toward  development 
of  the  binary-weighted  decoder  and  its  associated  amplifier,  since  the 
design  of  the  equal -increment  system  is  less  critical  and  will  require 
less  experimental  adjustment  and  verification  than  is  required  for  tho 
binary-weighted  system. 

As  soon  as  a  prototype  storage  tube  is  available,  work  should 
be  started  on  the  determination  of  the  constants  of  the  tube  which  affect 
deflection  circuit  design.  It  is  especially  important  that  any  lack  of 
linearity  in  the  deflection  of  the  beam  over  the  entire  storage  surface 
be  measured,  as  well  as  any  change  in  deflection  factor  which  results 
from.. the  difforen;  potential  uBod  in  the  storage  assembly  for  writing 
a  1*V writing  a  O',  'or  reading  out  of  the  tube,  ffhen  these  factors  are 
known  it  will  be  possible  to  determine  whether  or  not  dynamic  compensa¬ 
tions  must  be  used  on  the  deflection  circuits  and  if  comoonsaticno  are 
required  work  may  be  started  tn  the  design  of  the  compensating  circuits. 
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CHARACTERISTICS  OF  LOADED  TRANSMISSION  LINES 


1 .  Assumptions  made  in  Calculations 

Although  neither  the  electrical  characteristics  nor  the  physical 
size  and  shape  of  the  electrostatic  storage  tubes  to  be  used  in  WWI  and  WfTIX 
have  been  determined  at  the  present  time,  the  assumptions  mad©  in  section  II 
of  this  report  allow  computation  of  the  electrical  characteristics  of  any 
transmission  line  used  to  connect  together  the  defleotion  plates  of  storage 
tubes  having  the  assumed  characteristics.  In  addition  to  illustrating  a  method 
which  may  be  used  to  oaloulate  ths  transmission  line  data  needed  for  a  firal 
defleotion  circuit  design,  which  may  bo  done  only  after  the  final  form  of  tho 
storage  tube  has  been  fixed  and  its  eleotrical  oharaoterlstios  measured,  cal- 
oulations  made  on  the  basis  of  ths  assumed  storage-tube  data  furnish  sample 
transmission  line  data  which  may  be  used  in  investigating  designs  for  other 
parts  of  the  deflection  oirouit.  Transmission  line  data  oaloulatod  on  the 
basis  of  the  assumed  loading  will  oertainly  bo  of  the  came  order  of  magnitude 
as  tho  constants  which  will  exist  in  the  f inax  design,  and  probably  will  be 
within  a  range  of  t  2C$  of  the  final  values. 

Storage  tube  data  needed  and  values  assumed  are* 

Plate-tci-plat©  capacitance  of  eaoh  defleotion  plate  pair  2 
Plate -to -ground  capacitance  of  each  deflection  plate  7  /u/uf 
Distance  between  adjacent  storage  tubes:  for  V?WI  12  isiohes 

for  YJV7II  6  inches 


Equations  which  nogleot  transmission  line  and  load  losses  will  be 
used  to  compute  capacitance,  inductance,  characteristic  resistance,  and  delay 
in  both  the  original  unloaded  line  and  the  loaded  line.  The  equations  needed 
are: 


Characteristic  resistance  (R0) 


I  ^ ** ^  B  "inductance  per  unit  length 
\J  Shunt  capacitance  per  unit  long-EF 


Delay  per  unit  length. 


T  zjw 


Direct-current  attenuation  only  will  be  calculated,  this  value  being  the  one 
which  determines  the  variation  of  the  final  amplitude  of  the  defleotion  voltage. 
A  suitable  formula  is 

R  xl 

%  Attenuation  a  - - -  X  100 

Rxi+Rc 

where  R  is  the  series  resistance  per  unit  length  of  lino,  jL  is  the  total  length 
of  the  transmission  line,  and  Rq  is  the  characteristic  resistance  of  the  loaded 
line. 


* 


itiiii! 'cilMAiui''  JIIMiMil 


. .  . . . 
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2,  Characteristic  of  Typo  RG~62/iJ  Coble 

Type  RG-62/U  coaxial  cable  is  standard  for  transmission  of  pulses 
throughout  tho  rest  of  the  computer  system;  it  is  necessary,  therefore,  to 
investigate  the  suitability  of  this  type  of  o&ble  for  transmission  of  the 
deflection  voltages.  Pertinent  characteristics  of  RG-62/tJ  cable  aro  aa 
follows : 

R  =  93  ohms 
c 

c  =13,5  fjjie/n 

R  ■  Z  5.4  x  icf2  ohm/ft 


The  first  two  figures  aro  nominal  values  which  appear  in  specification 
JAN-C-17A,  Ho  nominal  figure  is  given  in  the  specification  for  the  d-c 
resistance  per  foot;  the  figure  quoted  above  was  obtained  by  measuring  the 
d-c  resistance  of  two  two-foot  lengths  of  the  cable  on  a  d-o  Wheatstone 
bridge  and  averaging  tho  result.  Special  precautions  were  taken  to  eliminate 
contaot  resistance  errors  in  the  measurements,  and  it  is  believed  that  the 
figure  obtained  is  accurate  to  •£  5%  for  the  particular  lot  of  cable  from 
whioh  the  samples  wera  obtained.  A  figure  for  the  series  induotanco  is  now 
calculated : 

L  =  R02C  3  (93)2  (I3c6)  (lO)’12  =  0.117  x  10~6  h/ft 


When  tho  cable  is  loaded  the  effective  oapaoitanoe  per  unit  length  Is  the 
oapacitanoe  of  the  cable  itself  plus  the  loading  per  unit  length.  The 
loading  at  each  tap  is  equal  to  tho  plate *to-ground  capacitance  of  one 
defleotion  plate  plus  twice  the  plats -to-plate  capacitance  of  one  deflection 
plate  pair,  plus  a  small  allowance  for  wiping  capacitance;  this  amounts  to 
16  /u/jf  per  foot  for  MI  and  50  \tfi f  per  foot  for  WWII.  Value  of  characteristic 
resistance  for  the  loaded  line  is  them 


>YWT :  R 

0 


64  ohms 


Mils  R  *  /o.H7  x  1CT6  ■  52  ohms 
°  V43.5xl0“12 

Delay  per  unit  length  of  loaded  line  is: 

WWI:  T  =  [/To. 117  x  10-G)  (28.5  x  10“12)  =  1.82  x  10"9  soc/ft 

WITH:  T  «  j/(().117  x  10-6)  (43.5  x  lO-*2)  =  2,26  x  KT9  soo/ft 

If  unterminatod  lines  are  used,  tho  total  capaoitanco  to  bo  driven  is  (with 
a  -10$  allowance  for  extra  connecting  cables): 


uuimu  rum  mmw  wjjwp  m  i  im'ip 
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Yffll:  C  =  (32)  (28o5  x  lO"12)  (l.l)  =  10  "9  farad 

v 

=  looo  upf 

WWIIs  C  *  (640)  (l/2)  (43.5  x  10“12)  (1,1)  3  15  x  10“9  farad 

t 

a  15,000  |ijuf 

If  a  terminated  connection  is  used, the  total  delay  in  the  lino  will  be: 
WTIj  T,  b  (32)  (1.82  x  10-9)  =  58  x  10“9  seo  =  0,058  /iflec 

w 

7WII:  Tt  *  (320)  (2,25  x  10"9)=  720  x  10"9  sec  =  0.72  flBQO 

In  the  caeo  of  a  terminated  connection  attenuation  in  the  line  will  be : 

mh  Attenuation  = _ (5‘>4„  -  x  10o  s  2.6% 

(5.4  x  10“2)  (32)  +64 

WWII  s  Attenuation  « . -  x  100  =  25/. 

(5.4  x  KT2)  (320)  +  52 


3,  Characteriatioa  of  a  Recommended  Type  of  Line 

Since  the  character ietics  of  oapacitance -loaded  RG-62/U  coaxial 
cable  are  very  unfavorable,  especially  from  the  standpoint  of  impedance  and 
attenuation,  it  is  desirable  to  seek  a  type  of  line  which  is  more  suitable. 

It  was  pointed  out  earlier  that  an  air-insulated  lino  gives  the  best  ratio 
of  characteristic  impedanoe  to  delay  in  the  line.  The  character  of  the  load 
and  voltage  to  be  supplied  to  the  load  suggests  the  use  of  a  shielded,  oalanced 
two-wire  line.  Use  of  a  line  conductor  sire  somewhat  larger  than  that  found  . 
in  RG-62/U  is  indicated  to  reduce  attenuation  in  the  line.  In  order  to  meet 
these  requirements  a  special  kind  of  line  must  be  designed  and  built.  A 
suggested  design  suitable  for  WW  use  has  tho  following  dimensions  3 

Outer  shield  -  1  l/4  in,  i.d.  thin-wall  copper  tubing 

Inner  conductors  (2)  -  Ho.  18  AWG  (0,0403  in,  din.)  plain  copper 

Spacing  of  inner  conductors*  0,65  in.  on  centers 

Electrical  character istios  of  this  line  may  be  computed  by  the  following  methods 


Let  D  =  inside  diameter  of  shield 
d  s  diameter  of  inner  conductors 
h  x  spacing  of  inner  conductors  on  centers 


Define  a 

b 


~  8  Q«g.5  =  0,52 

i)  Trsnr 

h  -  0.65  _  , 

g  0.0403  16cl 


- . - . —in  1  g||g|iBiigam  .  . . .  M ,,,, 
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Then  R^  (of  unloaded  line)  »  276  log^ 


1  •  a 


1  +  a 


log  f(t)  (16.1) 

610  l-f  (0.52)2  ( 


sss  350  ohms 

Compute  inductanoo  and  capacitance  por  foot  of  lino i 
L  *  (1.016)  (10“9)  \JT  \  h/ft 

as  (1.016)  (10~9)  (350)  a  3. 56  x  10*7  h/ft 

C  =  (1.016)  (10‘9)  f/ft 

=  (1.016)  (10~9)  ^  =  2.90  x  IQ”12  f/ft 

When  ueed  to  make  star age-tube  deflection-plate  connections,  tho 
line  will  be  loaded  with  a  capacitance  of  approximately  7  per  tap. 
Characteristic  resistance  of  the  loaded  line  is  calculated  to  be* 


WWIj  Ro  =  /£.56  x_10~^  m 
V  lO"11 


190  ohms 


Will:  Rc  =/ 5,56  ~  -  145  ohms 

sj  17  x  10"1Z 

Delay  per  unit  length  of  loaded  line  is: 

ml t  T  «/s.5S)  (10'7)  (I0:i1)  =  1.90  x  10-9  seo/ft 

mu:  T  ^yfs.56)  (10-7)  (1.7)  (10"11)  =  2.46  x  10"9  seo/ft 

If  unterminated  linos  are  used,  the  total  capacitance  to  be  driven  is  (allowing 
10$  for  extra  connecting  cables).* 

WWI:  C  =  (32)  (10**11)  (1.1)  =  352  fijj£ 

"C 

WWII:  Ct  s  (640)  (l/2)  (17)  (lO*12)  =  5,450  p/if 
Total  transmission  delay  in  the  line,  assuming  a  terminated  connection,  will  bo 
WWIj  T,  a  (32)  (1.90)  (lO-9)  -  0.061  fite a 

V 

WWII:  T,  a  (320)  (2.46)  (10“9)  =  0,79  ^soc 
t 

If  .tud.r.1  annealed  copper  wire  la  ueed  for  the  Inner  conductor,  the  d-o 
roeiatance  par  foot  of  Una  *111  he  1.28  *  10-2  ohm..  Total  attenuation  In 
a  single  traverse  of  the  line  will  be: 


La,  Am- . .  i-Aiatflhiifaiaari.i.to 
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WWIj  Attenuation  s  -  ^  .  '~l5iv\ - _  x  100  v  o,$b 

(1.28  x  10-2)  (32)  -V  190 


VIWIIj  Attenuation  s=  - ^ *t.28  ,.x  ^3.2Cl  ) -  *  100  *  2.8$ 

(1.28  x  lO-2)  (320)  -1-  145 

4„  Comparison  of  Two  Line  Types 

When  compering  the  oharaoteristio  resistance  and  total  oapaoitance 
figures  giver  above  for  the  two  types  of  transmission  line,  one  must  keep  in 
mind  that  the  first  set  of  figures  quoted  are  line -to-ground  in  a  balanced 
system,  whereas  the  oeoond  set  of  figures  are  for  line-to-lino  characteristics. 
This  makes  it  neoessary  to -double  the  second  total  capacitance  figure  and  lialve 
the  corresponding  characteristic  resistance  before  comparing  the  two  seta  of 
figures.  Comparison  on  this  basis  then  shows  that  the  second  type  line  givos 
approximately  a  5095  improvement  in  characteristic  resistance,  a  30#  improvement 
in  total  capacitance,  and  a  90#  improvement  in  rero-frequency  attenuation.,  all 
at  a  oost  of  less  than  a  10#  increase  in  total  delay. 


■WWIWfT 


HlfVPPPPfipi 


6345  Page  21 

Report  R-120 

APPENDIX  B 

DESIGN  OF  DEFLECT JON -VOLTAGE  GENERATOR  WITH 

— - 


In  order  to  use  the  binary-weighted  decoding  scheme  described  above 
in  a  dofloction-voltage  generator  for  WWI  or  WWII,  the  elementary  deooder 
must  bo  associated  with  an  amplifier  having  a  large  power  gain  and  good  gain 
stability.  The  amplifier  must  have  negative  feedback  to  achieve  the  required 
stability;  this  feedback  may  be  arranged  to  give  either  a  high  resistano©  or 
a  lew  resistance  at  the  amplifier  input  terminals.  If  the  arrangement  is  such 
that  a  low  resistance  appears  at  the  input,  this  resistance  may  be  used  as  the 
common  load  resistance  (R1  on  drawing  B-30333)  of  the  binary-weighted  decoder. 

A  design  for  WWI  based  on  this  scheme  iB  discussed  below.  A  complete  circuit 
diagram  is  given  on  drawing  R-30623,  No  attempt  will  be  made  in  the  discussion 
to  cover  the  calculations  required  to  choose  every  oompnnent;  rather,  only  the 
major  features  are  covered  in  detail. 

< 

A  suitable  starting-point  in  the  design  procedure  is  the  choice  of 
constants  for  the  decoding  cirouit.  These  constants  should  he  choBon  to  give 
the  shortest  practicable  delay  in  establishing  equilibrium  voltage  at  the  input 
to  the  amplifier;  in  general  this  will  mean  using  low  resistances  to  keep  time 
constants  small.  The  extent  to  which  one  may  go  in  reducing  the  decoder  resis¬ 
tances  is  limited  by  the  current  rating  of  the  switch  diode  used  in  series  with 
the  binary  resistor  of  weight  sixteen,  since  reducing  the  voltage  across  tho 
decoding  resistors  reduoes  the  output  in  direct  proportion.  A  germanium-crystal 
diode  will  be  used  because  of  its  freedom  from  thermal  and  "contact  potential" 
e.m.fo's,  its  low  forward  resistance,  its  low  internal  oapacitanoa,  and  its 
low  capacitance  to  ground,  A  oryBtal  diode  oapable  of  passing  50  milliampereo 
continuously  in  the  forward  direction  is  now  under  test  by  Sylvania,  and  will 
bo  available  for  use  in  these  circuits.  A  supply  voltage  of  250  volts  will  bo 
used  for  the  decoder.  Resistance  of  the  sixteen’ s  increment  (R-  on  drawing 
B-30333)  will  then  be: 


Rg  =  - -  -  5000  ohms 

50  x  10-3 

This  figure  neglects  voltage  drop  in  the  crystal  diode.  The  drop  is  small  and 
can  be  taken  care  of  either  by  using  a  slightly  lower  resistance  (approximately 
4950  ohms)  or,  preferably,  by  using  a  stock  resistance  which  measures  slightly 
over  5000  ohms  and  shunting  it  with  a  value  of  resistance  (to  be  determined 
experimentally)  which  gives  just  50  milliampereo  current  through  the  crystal 
when  a  potential  difference  of  250  volts  is  held  across  the  crystal  and  resistors. 
Nominal  values  for  the  other  decoding  resistors  are  then: 

R  *  80,000  ohms 

2 

Rg  s x  40,000  ohms 

R  20,000  ohms 

4 

Rg  s  10,000  ohms 

In  eaoh  instance,  tho  resistance  should  be  adjusted  to  draw  its  correct  current 
when  a  potential  difference  of  250  volts  is  held  aoross  the  resistance  and  its 
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aesooiatpd  crystal;  the  adjustments  should  be  made  with  an  accuracy  of  i*  \/Z% 
or  bettor.  Wire  —wound  or  metallic— film  rooiKtance  units  should  be  used  through' 
out  to  insure  stability  of  resistance  values.  Power  ratings  of  the  resistors 
should  be  at  least  four  times  the  actual  power  dissipated.  This  leads  to  the 
use  of  resistors  rntod  as  follows: 

R  a  5  wattB 

2 

Rg  =  10  watts 

R„  =15  watts 

4 

R„  s  25  watts 

5 

R„  ss  50  watts 

6 

A  maximum  value  for  the  ratio  Rg/^i  can  now  be  specified.  Because  tbo  complete 
decoder  will' consist  of  two  binary-weighted  resictor  groups  working  in  opposi¬ 
tion*  the  linearity  requirement  is  not  particularly  severe.  Referring  to  draw¬ 
ing  A-38252-G  a  value  of  500  for  Rg/R  gives  a  maximum  deviation  of  approximately 
between  the  aotual  slope  of  the  output  function  and  the  mean  slop©  of  the 
function.  This  or  any  greater  value  of  ®2^1»  then,  should  bo  satisfactory. 
Accordingly,  the  input  resistance  of  the  amplifier  should  not  exceed  1*0  ohms. 

Design  of  the  amplifier  itself  may  next  be  accomplished.  Because 
of  the  nature  of  the  signal  whioh  is  to  be  amplified,  the  response  of  the 
amplifier  must  be  uniform  from  essentially  zero  frequency  up  to  a  fairly  high 
frequency.  If,  aa  in  the  present  case,  the  input  signal  is  always  of  the  same 
polarity,  zero  frequency  response  can  be  approximated  by  an  amplifier  having 
R-C  coupled  stages  with  damping  diodes  used  as  d-c  restorers  at  each  inter¬ 
stage  coupling.  Such  non-linear  couplings,  however,  introduce  oonsidernble 
difficulty  into  the  analysis  of  the  amplifier  (which  in  the  present  caso  has 
appreciable  feedback)  for  stability  and  frequency  response.  For  this  reason, 
a  direct-coupled  amplifier  is  chosen.  It  is  assumed  that  the  length  of  a  line 
on  the  storage  surface  will  bo  three  inohes  and  that  the  deflection  factor  of 
the  storage  tifce  will  bo  67  volts  per  inch.  The  output  from  each  of  the  two 
amplifiers  which  work  in  opposition  must  then  bo  100  volts  peak.  With  Rg/R^ 
equal  to  500,  peak  output  of  the  decoder  will  bo: 


=  14.6  volts 


E 


31 


r) 


The  amplifier  must  have  a  gain  of 
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In  Appendix  A  a  typo  of  transmission  line  wee  described  which  would 
have  a  characteristic  resistance  of  190  ohms  lino-to-line  whon  loaded  as  t 
would  bo  in  WIST,  This  is  equivalent  to  a  load  of  95 -ohms  line -to “ground.  An 
amplifier  must  be  designed,  then,  which  has  a n  input  realetdncQ  of  160  ohms 
or  less,  a  peak  output  of  100  volts  across  95  dims,  and  a  gain  of  6.9  or  more; 
in  addition*  the  gain  of  the  amplifier  must  be  related  to  the  input  resistance 
by  the  relation: 


The  duty-faotor  of  the  tubes  in  the  output  stage  is  not  easily  cal* 
culated,  but  under  some  conditions  of  operation  it  will  be  quite  high}  coi  s 
quently  tubes  must  be  chosen  which  will  work  well  within  rating  when  conducting 
peak  current  continuously,  and  which,  further,  will  conduct  peak  current  wi  h  a 
grid  voltage  of  zero  or  less.  In  the  present  instance,  the  peak  Incremental 
current  required  1st 

*»  1.05  amperes 

A  suitable  output  stage  can  be  made  up  of  3  type  715-C  beam-power 
tetrodes  in  parallel,  using  a  260-volt  plate  supply  and  a  150-volt  screen 
supply,  and  having  the  deflection-plate  connecting  line  plaood  directly  in 
the  plate  circuit.  Construction  of  the  load-line  on  the  statio  plate  family 
for  this  tube  showB  that  a  grid  swing  of  21  volts  is  required  to  give  a 
100-volt  plate  swing.  This  is  a  gain  of  4.8  for  the  stage.  Plate  ourrent 
for  eaoh  tube,  when  the  grid  is  at  cathode  potential,  is  40b  mllliamperes ; 
plate  voltage  under  the  some  condition  is  134  volts.  Peak  plate  dissipation 
per  tube  is  55  wattB,  aB  compared  with  a  rating  of  60  watts  for  the  tube. 

Screen  dissipation  will  be  5  watts,  as  compared  with  a  rating  of  8  watts. 

Input  capacitance  of  this  stage  will  be  approximately  150/^fj  output  cap¬ 
acitance  will  be  approximately  50  jxf, f. 

In  order  to  maintain  the  amplifier  stable  with  the  amount  of  feed¬ 
back  that  is  to  be  used,  it  is  necessary  to  have  the  time  constant  of  one  of 
the  interstage  couplings  very  much  greater  than  the  time  constants  of  the 
other  couplings.  If  the  amplifier  is  to  respond  fast  enough  for  the  present 
application,  however,  the  greatest  time  constant  cennot  exceed  about  0.2 
miorosecond. 

A  suitable  driver  stage  is  one  which  has  a  gain  of  1.4  or  greater, 
which  has  an  output  impedance  low  enough  to  give  a  time  constant  of  0.2 
microseconds  or  less,  which  can  swing  the  grid  of  the  following  stage  between 
the  limits  of  zero  and  -21  volts,  and  which  does  not  produce  a  phase  inversion. 

Such  an  amplifier  may  be  designed  around  a  type  3E29  dual  beam-power  tetrode. 

Only  an  approximate  design  can  be  carried  out  on  the  basis  of  static  character: Lsb  os 
at  present  available  on  the  3E29  tube}  this  has  been  done  and  the  final  adjust¬ 
ment  of  components  made  in  the  laboratory  to  secure  proper  d-o  operating  levels 
for  the  input  and  output.  The  resulting  driver  stage  has  an  effective  gain  of 
2,8  and  gives  a  time  constant  for  the  interstage  coupling  of  0.11  microsecond. 

The  over -all  gain  of  the  oascaded  stages  is  the  product  of  their 
Individual  gains: 


A,g;i;.aeigrgg^^  . ^ 
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L  ~  (4«8)  ( 2 o B )  —  13,4 

The  input  resistance  of  the  amplifier  is  then  required  to  bes 

p  _  le03  x  10^  -»  7905  ohms 

1  ~  A  -  0.4  13=0 


Feedback  is  applied  through  a  voltage  divider  from  the  plates 
of  the  output  stage  to  the  grid  of  the  input  stage.  In  the  present  design 
the  feedback  ratio  is  ohosen  to  give  the  proper  d-c  voltage  level  at  the 
control  grid  of  the  input  stage,  and  the  ratio  ic  0,67,  The  input  resis¬ 
tance,  taking  into  acoount  feedback,  may  be  computed  by  l ode1  s  formulas 


Rfb  * 


R 


o 


where  R~  is  the  effective  input  resistance,  R  iB  the  input  resistance 
neglecting  feedback,  A.  Is  the  amplification  ground  the  feedback  loop  with 
the  input  terminals  shotted,  and  A,  is  the  amplification  around  the  loop 
with  input  terminals  open.  Substituting  figures  from  previous  calculations s 

R0  sr  79  o  5  1  ~r A ^ =  795  ohms 

If  tho  feedback  divider  is  made  up  of  a  1200-ohm  resistance  from  tho  plate 
of  the  output  stage  to  the  grid  of  the  input  stage  and  a  2500-ohm  resistance 
from  the  grid  of  the  input  stage  to  the  negative  bias  potential,  both  the 
feedback  ratio  and  the  input  impedance  of  the  amplifier  will  be  substantially 
correct, 

/ 

The  calculations  just,  made  negleot  the  effeet  of  tho  feedbaok 
resistance  on  the  operation  of  the  output  stage.  Although  this  effect  -0 
fairly  easy  to  calculate,  there  ia  no  necessity  of  doing  the  calculation, 
since  the  action  of  the  feedback  is  such  as  to  minimise  the  reduction  of 
amplifier  gain  and  change  of  d-c  levels  within  the  amplifier  causod  by  the 
connection  of  tho  feedbaok  divider  from  the  output  to  a  negative  bias  supply. 

It  must  be  emphasised  also  that  in  order  to  seoure  optimum  operating  conditions 
some  adjustment  of  component  values  will  almost  certainly  be  made  after  the 
amplifier  is  built  and  preliminary  tests  are  started. 

Both  the  interstage-coupling  voltage  divider  and  the  feedbaok  voltage 
divider  must  be  capacitance-compensated  to  keep  phase-shift  in  the  amplxfie 
to  a  minimum.  A  value  of  capacitance  is  chosen  which  makes  the  time  constant 
of  the  oapacltor  and  th®  upper  leg  of  the  divider  across  which  it  is  connected 
just  equal  to  the  time  constant  of  the  input  capacitance  of  the  otat  '  1c* 

the  divider  feeds  and  the  lower  leg  of  the  divider. 

A  multi-stage  feedback  amplifier  such  as  this  may  oscillate  if  certain 
stability  criteria  are  not  met.  In  tho  present  caae,  the  only  criterion  aiiioh 
is  applicable  is  a  particularly  simple  one;  if  the  gain  around  the  feedbrc 
loop  is  less  than  unity  when  the  phase-shift  around  the  loop  is  exactly  360 
degrees,  then  the  amplifier  is  stable.  Application  of  this  criterion  y  ©1 
a  value  of  less  than  0.2  for  the  loop  gain  of  the  amplifier  when  tho  loop  phase- 
shift  is  360°,  so  th«t  the  amplifier  is  not  rendered  unstable  by  the  application 
of  feedback. 
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Associated  with  each  pair  of  decoder  resistors  is  a  flip-flop 
switching  circuit  with  cathodo-follc  ^r  buffers  which  serves  to  tranofer 
current  from  one  resistance  to  the  other.  Those  circuits  present  no  special 
problems  in  design,  it  being  necessary  merely  to  provide  sufficient  owing 
at  the  cathode  of  the  buffers  to  insure  that  the  decoding  resistances  are 
switched  completely  in  or  our  of  the  circuit. 

The  deflection-voltage  generator  discussed  above  hat  one  very 
serious  defect;  the  decoder  resistors,  the  resistor  which  terminates  the 
transmission  line,  and  th©  feedback  resistors  all  must  have  a  very  stable 
rooistance,  both  with  respect  to  time  and  changes  in  load;  but  the  power 
dissipated  in  th©  resist ore  is  quite  largo  and  varies  appreciably  during  opera¬ 
tion.  Non-inductive  wire-wound  resistors  can  be  obtained  in  power  ratings 
largo  enough  to  insure  adequate  stability,,  but  such  resistors  are  physically 
quito  large.  To  use  thoee  resistors  the  circuit  must  bo  spread  out  over  a 
considerable  aroa;  long  loads  between  components  will  result  and  consequently 
there  will  appear  in  the  circuit  appreciable  stray  capacitances,  lead  inductances, 
and  stray  couplings,  none  of  which  can  be  estimated  in  advance.  Considerable 
difficulty  may  be  experienced  in  arranging  and  adjusting  the  circuit  elements 
so  that  these  stray  parameters  do  not  render  operation  unsatisfactory. 
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DE3ICN  OF  DEFLECT JON^/OLT AGE  GENERATOR  WITH 

Elaboration  of  the  simple  oirouit  of  Drawing  B -30751  into  a  design 
for  a  32-position  decoder  for  use  in  WWI  is  a  fairly  simple  matter.  Such  a 
design  is  discussed  below. 

A  E2-position  electronic  switch  is  required  for  eaoh  half  of  tho 
decoder.  A  switch  suitable  for  this  application  (with  minor  modifioatlonn) 
is  describod  in  roferonce  C.  The  design  of  the  switoh  will  bo  improved  far 
use  in  the  interim  star  ago  of  WWI  and  need  not  bo  diaoussed  here.  It  is 
sufficient  to  point  out  that  the  final  switch  will  be  oapabl©  of  selecting 
one  of  tho  32  output  gates  fast  enough  that  the  "sot-up"  pulso  required  for 
decoder  operation  may  be  passed  through  the  switch  within  0.6  microsecond 
after  roceipt;  of  tho  storage  order  by  tho  switch  input  gateB. 

A  cirouit  for  one  increment  of  the  decoder  is  given  on  Drawing 
B-31118.  All  of  the  increments  in  the  decoder  are  identical.  This  design 
assumes  use  of  the  special  transmission  line  describod  in  Appendix  A  above, 
whioh  gives  a  line-to-ground  resistance  of  95  ohms, 

Choioe  of  a  suitable  tube  for  the  unit  current  source  (Vl)  is  irntdo 
on  the  basis  of  a  number  of  faotors.  The  half  of  tho  tube  which  is  "on"  must 
conduot  a  current  of: 


^*'ST  2  *  10®  ~  34  milliamperes 

with  its  grid  at  ground  potential.  When  conducting  this  current  continuously, 
the  plate  of  the  tube  should  not  dissipate  more  than  one-half  rated  power.  The 
dynamio  plate  resistance  of  the  tube  should  bo  high,  preferably  10®  ohms  or 
more,  when  the  action  of  the  cathode  resistor  is  taken  into  account.  An 
operating  point  should  be  chosen  such  that  tho  required  ourrert  flows  with  the 
oathode  considerably  positive  with  respect  to  tho  control  grid  in  order  to 
minimize  the  effect  of  slight  changes  in  oontrol-grid  potential.  A  typo  3E29 
tube  meets  the  requirements  quite  well.  If  a  plate  supply  of  +-350  volts  and 
a  soroen  supply  of  +150  volts  arc  used,  a  cathode  bias  of  ton  volts  is  required: 
this  gives  a  value  of  approximately  275  ohms  for  the  cathode  resistor.  It  may 
prove  desirable  to  make  the  oathode  resistor  adjustable  in  order  to  allow  com¬ 
pensation  to  be  made  for  tube-to-tubo  variation  of  plat©  current  or  to  allow 
the  shape  of  the  output-versus -input  function  of  the  decoder  to  be  oharged.  An 
adjustable  Boreen  voltage  supply  will  allow  adjustment  of  the  scale  factor  of 
tho  decoder  to  secure  the  proper  peak  output  voltage. 

Switching  of  tho  current  in  VI  is  controlled  by  a  flip-flop  (tubes 
V3  and  V4).  This  flip-flop  is  similar  to  tho  one  used  in  the  registers  and 
arithmetic  element  of  Wffl.  It  differs  from  the  standard  flip-flop  mainly  In 
that  it  has  a  plate  load  resistance  composed  of  two  resistors  coupled  by  a 
diode  in  such  a  way  that  the  plate  of  the  "off"  tube  of  the  flip-flop  rests  at 
ground  potential. 

A  "clear"  pulse  is  coupled  to  the  "reset"  grid  of  the  flip-flop. 

This  pulse  is  supplied  from  the  control  circuits  which  govern  tho  sequence  and 
timing  of  operations  in  the  storage  system.  The  "sot"  grid  of  the  flip-flop 
in  fed  a  pulse  from  the  plate  of  V2,  which  is  on  amplifier  in  the  one-way 
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0  TMa  sam0  puiso  is  inverted  by  transformer  T1  and  fed  into  the  grid 
of  the  corresponding  amplifier  in  the  next  section  ol  the  one  W 
pulse  may  be  fed  to  the  grid  of  V2  from  either  ox  two  sources.  First  a 
oulse  my  come  from  the  output  of  the  32-position  switch.  Second,  a 
may  come  from  the  plate  of  the  preceding  amplifier  tube  in  the  one-way  lim. 
Either  pulse  will  cause  switching  of  current  in  the  fllp-fl°P  °ontJ?££J  * 

V2  and  also  all  flip-flops  in  following  sec  .ions  of  the  decoder.  11  9 

in  preceding  sections  of  the  decoder  will,  however,  remain  unaffected. 

Limiting  at  the  grid  of  V2  is  employed  to  assist  in  maintaining  the  amplitude 
of  a  pulse  passing  down  the  line  approximately  constant. 

Drawing  B-3Q7S1  shows  the  elementary  decoder  connected  in  such  n  way 

tta,  .  cle»r  piue  »Ht.  th.  d.co«.r  to  the  zero  «  i- 

In  order  to  reduce  operating  time  and  to  make  power  dissipation  in the traas 
mission  line  terminating  resistors  more  nearly  equal,  to  connect  Jhe  decoder 
in  such  a  way  that  it  resets  either  to  the  sixteenth  or  seventeenth position. 
This  may  be  done  quite  easily;  a  block  diagram  of  a  connection  which  may  be 
used  is  given  on  Drawing  A-311190  1’or  the  sake  of  simplicity  the  drawing  shown 
an  eight-position  decoder  which  resets  to  the  fourth  position. 

It  is  estimated  that  a  total  time  of  not  more  thar  1.8  microseconds 
will  be  required  to  establish  equilibrium  voltage  at  all  points  on  the  trans¬ 
mission  line.  This  time  is  broken  down  as  follows! 


Operation  of  32-position  switch 

Transit  of  pulse  in  one-way  line 

Blse  time  of  flip-flop 

Hise  time  at  plate  of  VI 

Transit  of  voltage  on  deflection-plate 

transmission  line 


0.5  (Aoec 
Qo5  pisec 
0.4  p.8ec 
0.3  p.oec 

Ool  p.B6C 


Total 


1.6  p-sec. 


This  design  should  be  suitable  for  use  in  WV1I  simply  by  changing 
the  resistor  in  the  cathode  circuit  of  VI  to  give  a  higher  current,  since  the 
plr.te  dissipation  of  VI  will  not  be  excessive  even  when  th©  decoder  is  r«Jldr®4 
to  produce  a  swing  of  100  volts  across  a  resistance  of  75  ohms  and  since  tae 
additional  delay  la  the  transmission  lino  will  still  leave  the  operating  time 
of  the  circuit  under  3  micro second a* 
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TESTS  OH  A  32-POSITION  BIN ARY -WEIGHTED 

Drawing  Ho.  E -3 04^1  gives  the  echomatio  circuit  diagram  of  an 
experimental  decoder  which  was  built  and  tested  in  the  laboratory  in  Maroh 
and  April  of  this  year.  Drawings  A-31120,  A-S1121,  A-31122,  and  A-31123  ar® 
views  of  the  deooder  showing  the  type  of  oonstruotion.  This  construction 
was  chosen  to  facilitate  testing:  important  points  in  the  oircuit  are  easily 
available,  while  the  layout  is  sb  compaot  as  possible  in  order  to  reduce 
stray  capacitances.  Although  the  operation  of  the  deooder  was  not  satisfactory, 
the  tests  brought  out  a  considerable  amount  of  information  concerning  both  tro 
principles  on  whioh  tho  deooder  was  designed  and  the  component  circuits. 

Basioally,  the  decoder  was  derived  from  the  oircuit  of  Drawing  B-30333. 
In  order  to  increase  the  output  obtainable  with  good  linearity  for  a  given 
current  in  the  diodes  of  the  switching  oircuit,  the  output  voltage  was  fed 
back  to  the  power  supply  for  the  deooder  resistors  in  such  a  way  as  to  oompensato 
in  part  for  the  drop  across  the  output  resistor.  The  feedbaok  was  accomplished 
by  oonneoting  the  low  end  of  the  deooder  resistors  to  the  output  of  a  cathode 
follower  (V18)  whose  grid  was  tied  to  the  output  line  through  two  type  VR-150 
tubes  (V16,  V17).  YR-tube  coupling  was  used  in  order  to  obtain  a  proper  average 
voltage  level  at  the  grid  of  V18  without  the  loss  of  feedback  amplitude  entailed 
by  a  voltage -divider  resistance  coupling  and  without  the  loss  of  zero-frequency 
response  entailed  by  capacitor  coupling.  Switching  of  deooder  resistors  was 
accomplished  by  a  simple  triode-diode  arrangement  as  shown  in  Drawing  B-30333 
with  the  grid  of  eaoh  triede  switch  tube  directly  conneotod  to  the  plate  of  a 
flip-flop. 

Tests  on  tho  oircuit  included  statio  voltage  output,  internal  voltage 
level,  and  transient  response  tests.  All  static  tests  were  made  merely  by 
setting  the  flip-flops  manually  and  reading  voltageB  with  a  high  impedance 
(100-000  ohme/volt)  d-o  voltmeter.  Drawing  A**30456  is  a  block  diagram  of  ;he 
dynomio  tost  set-tip  used.  The  number  which  appears  in  eaoh  block  is  the  drawing 
number  of  a  schematic  circuit  diagram  of  the  unit. 

When  the  circuit  was  tested,  its  operation  was  unsatisfactory  on  two 
counts.  First,  the  device  was  far  from  stable:  its  output  was  subject  both  to 
slow  drifts  and  to  small,  moderate ly-f r e quent  fluctuations,  and  it  tended  to 
break  into  more  or  less  violent  oscillation  when  any  attempt  was  made  to  look 
at  its  internal  waveforms  with  a  synchroscope.  Second,  tho  output  was  very 
far  from  a  linear  function  of  the  input  number. 

Investigation  revealed  that  the  laok  of  stability  is  due  to  a  number 
of  causes.  Basically,  the  defect  is  that  the  feedbaok  applied  is  regenerative. 
Moreover,  the  feedback  ratio  changes  as  the  deooder  resistors  are  switched  in 
or  out.  Positive  feedback  does  not  necessarily  introduce  any  drift  into  tho 
system,  but  it  does  magnify  the  effects  of  changes  in  the  oirouit  components 
whioh  are  embraced  by  the  feedback  loop. 
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Moat  of  the  slow  drift,  in  the  expor  imo  ntal  model  was  tr&oed  to 
changes  in  valuo  of  various  resistors  with  changing  load  and  ambient  temperature 
This  merely  indicates  that  the  resistors,  although  carrying  lose  than  rated 
load,  wore  operating  at  temperatures  higher  than  should  be  allowed,.  Resistors 
of  higher  rating  should  have  been  employed,  Although  no  definite  proc  oould 
bo  obtained,  it  is  believed  that  the  small  random  fluctuations  in  output  were 
caused  by  random  changes  in  the  voltage  drop  across  the  V-R  tubes  in  the  feed¬ 
back  loop ,  Theoe  changes  are  very  slight,  but  would  be  magnified  by  the  feed¬ 
back  action. 

At  first  it  appears  that,  although  the  feedback  is  regenerative,  the 
feedback  factor  is  vory  small  and  no  oscillation  troubles  should  result.  As 
a  matter  of  fact,  the  device  broke  Into  oscillation  only  when  capacitive 
loading  was  attached  to  certain  points  in  tho  circuit.  Those  oscillations 
were  always  of  a  very  high  froqviQiioy,  so  high  in  fact  that  a  resistance  of  as 
little  as  500  ohms  in  series  with  tho  synchroscope  probe  would  prevent  oscilla¬ 
tion  when  certain  points  wore  under  observation.  A  few  points  in  tho  cirouit 
were  not  stable  unless  tho  series  probe  resistance  was  at  least  1000  ohms.  As 
little  as  5  fi/jf  of  shunt  capacity  to  ground  added  at  seme  points  was  sufficient 
to  cause  oscillation?  other  points  required  15  to  20  ^  loading  before  th® 
circuit  became  oscillatory.  Although  the  large  number  of  Btray  parameters  and 
tho  complex  nature  of  the  feedback  loon  (including  non-linear  elements  such 
as  the  IW34  crystals  and  th®  V-P  tubos)  render  a  stability  analysis  very 
difficult,  it  is  apparent  that  for  high  frequencies  the  gain  of  the  feodbaok 
cathoae  follower  becomes  much  greater  than  unity. 

Because  of  the  instability  of  the  oirouit,  it  ms  diffioult  to 
diooovrjr  all  of  the  causes  of  the  output  non-linearity.  Statio  tests  did 
bring  out,  however,  that  the  majority  of  the  non-linearity  was  oaused  by 
failure  of  the  flip-flops  to  cut  off  completely  the  plate  current  of  th® 
triorios  used  for  switching  purposes .  Some  evidenco  also  was  c'ound  that  the 
heater -cathode  leakage  of  the  tr lodes  was  appreciable,  neither  of  these 
def'oots  is  fatal* 

The  flip-flop  design  used  was  the  best  one  available  at  the  time 
the  experimental  decoder  was  built.  For  use  in  this  circuit,  however,  it 
suffered  from  two  main  defectst  tho  voltage  swing  at  its  plates  was  too  small, 
and  neither  end  of  the  Bwing  was  at  a  fixed  reference  level.  As  a  result 
of  these  difficulties  a  new  flip-flop  was  designed  which  gives  a  large  plate 
swing  with  approximately  the  same  time  constant  and  which  is  arranged  to  have 
the  plate  of  the  non-oonducting  tube  at  plate-supply  potential.  (Tho  oircu:* t 
is  essentially  that  of  the  flip-flop  on  Drawing  B-31118).  Heater-cathode 
leakage  ourrexits  could  be  reduced  to  completely  negligible  proportions  by 
arranging  to  have  th©  average  voltage  of  the  heater  and  cathodes  the  same. 

Another  way  to  overcome  both  effects  would  b©  to  insert  a  second  diode  ootween 
tho  cathode  of  the  switch  triode  find  the  decoder  resistor,  returning  tho  cathod® 
of  the  switch  triode  to  ground  through  a  high  resistance.^ 

Although  a  reworking  of  the  design,  both  mochanioally  and  electr ioally , 
probably  oould  overcome  the  major  portion  of  the  defects  found,  such  a  redesign 
was  not  undertaken  booeuce  it  was  felt  that  the  regenerative  character  of  the 
feedback  rendors  doubtful  tho  possibility  of  soouring  resistors,  crystals,  and 
tubes  whose  characteristics  are  sufficiently  stable  for  successful  maintenance 
of  tho  required  tolerances  on  output  amplitude » 
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